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Abstract 

Palaeoclimate records are crucial for understanding the causes and rates of past climate change 

and informing predictions of future climate change. Palaeoenvironmental records of microbial 

communities are important for understanding the ecological impacts of climatic and 

environmental change due to their position near the base of many food webs, roles in 

biogeochemical cycling, and ability to act as indicators of change. Producing detailed and 

reliable palaeoclimate records and reconstructions of past microbial communities depends on 

the application of organic molecules preserved in temporally stratified sedimentary archives as 

biomarkers of change. This thesis explores the use of two promising novel microbial 

biomarkers: sedimentary DNA (sedDNA) to reconstruct past microbial communities, and 

bacterial 3-hydroxy fatty acids (3-OH FAs) to reconstruct past climates. 

Analysis of sedDNA is becoming more frequently used to reconstruct past microbial 

communities and can be applied with a relatively high taxonomic resolution. However, the 

taphonomy of DNA in lakes is poorly understood, and the reliability of sedDNA-based 

reconstructions of microbial communities is largely unknown. To reconstruct past bacterial and 

eukaryotic microbial communities, 16S rRNA and 18S rRNA gene amplicon sequencing were 

carried out on sediment cores collected from Esthwaite Water (English Lake District) spanning 

approximately 100 years. To assess the reliability of these reconstructions, the sedDNA records 

were compared against concurrent, long-term microscopy-based monitoring of cyanobacteria 

and eukaryotic algae in the surface water, revealing comparable broad-scale temporal shifts in 

community composition in response to eutrophication. However, a decline in the concentration 

of 16S rRNA genes and proportion of DNA likely originating from the water column down-

core suggested that the reliability of reconstructions may be reduced in older sediments. These 
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results demonstrate that sedDNA is a valuable tool to reconstruct past microbial communities, 

but further study is needed to better understand the extent and rate of DNA deposition and 

degradation in lake sediments to enhance its development as a reliable biomarker. 

Proxies based on 3-OH FAs show significant potential as palaeoclimate biomarkers that can be 

applied to various environments. However, the identity of 3-OH FA producers and the influence 

of bacterial community composition on the performance of 3-OH FA proxies in terrestrial 

environments have yet to be determined. Through paired bacterial 16S rRNA gene amplicon 

sequencing and 3-OH FA analysis in soils and lake surface sediments collected across large 

gradients of mean annual air temperature (MAAT), mean annual precipitation (MAP) and soil 

and lake sediment pH in the U.S., it was suggested that distinct communities of bacteria specific 

to each environment may be responsible for the production of 3-OH FAs. Therefore, the 

bacterial community may be an important driver of 3-OH FA distribution in the environment. 

Furthermore, the culture-based analysis revealed that bacteria from different taxonomic 

lineages may produce a distinct suite of 3-OH FA isomers. These findings highlight the 

importance of considering the bacterial producers of 3-OH FAs in the development of reliable 

3-OH FA proxies for palaeoclimate reconstructions.  
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1.1. Overview 

Long-term records of past climate and ecosystem change are crucial for understanding the 

ecological impacts of change, distinguishing between natural and human-induced changes, and 

informing predictions of future climate and ecosystem change (Hegerl et al., 2019; Willis et al., 

2010). Long-term records of microbial communities are particularly important as microbes 

form the base of many food webs, play key roles in biogeochemical cycling, are highly sensitive 

to the environment, and can act as sensitive indicators of change (Bloem and Breure, 2003; 

Litchman et al., 2015; Newton et al., 2011). A range of molecules produced by microbial 

communities, such as lipids, pigments, microfossils and DNA, are well-preserved in 

palaeoenvironmental sedimentary archives. These molecules can be used as biomarkers to 

reconstruct past changes in the occurrence and physiological state of microbes, and infer the 

environmental and climatic conditions they experienced (Dearing et al., 2006; Eglinton and 

Eglinton, 2008). However, many of these biomarkers are limited in their taxonomic specificity 

(Capo et al., 2021), and existing bacterial palaeoclimate biomarkers are limited in their ability 

to reliably reconstruct historical change in terrestrial sedimentary archives (Naeher et al., 2014; 

Blaga et al., 2009). The development of novel biomarkers that can be applied to the wider 

microbial community, provide a high taxonomic resolution, and can be used in a range of 

different environments are essential for producing detailed and reliable palaeoenvironmental 

reconstructions. 

This chapter provides an overview of biomarkers traditionally used to reconstruct past microbial 

communities and past climates, and discusses their limitations. Two novel biomarkers with 

significant potential in palaeoenvironmental research are introduced: sedimentary DNA 

(sedDNA) to study past microbial communities, and bacterial 3-hydroxy fatty acids (3-OH FAs) 
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to infer past climatic conditions, and areas that require further research to ensure their 

application as reliable biomarkers are identified. 

 

1.2. Producing reliable palaeoenvironmental reconstructions 

1.2.1. Importance of reliable records of past climates and ecosystems 

Long-term records of the climate are crucial for understanding the causes and rates of past 

climate change, and for providing insights into current and future rates of change (Hegerl et al., 

2019). Historical ecosystem records are important for understanding the resilience and ability 

of organisms to adapt to climate and environmental change (Willis and Bhagwat, 2010). They 

are also critical for understanding the ecological consequences of human activities and human-

induced climate change, and can be used to inform ecosystem management and conservation 

strategies to protect vulnerable species and ecosystems (Dearing et al., 2006). However, reliable 

records of the climate are restricted to the instrumental period, which began in the 18th century 

(Hulme and Jones, 1994), and detailed ecosystem monitoring records rarely exceed 100 years 

(Willis et al., 2010). Furthermore, the majority of long-term monitoring records only cover the 

last few decades (Rösel et al., 2012; Shade et al., 2007), and many are biased towards a 

relatively small number of well-studied taxa that are easily resolved with morphological 

identification methods (Burlakova et al., 2018; Hampton et al., 2008). Detailed, long-term 

records of the climate and ecosystem that precede the onset of human activities are essential for 

distinguishing between natural and human-induced changes and their impacts (Mills et al., 

2016; Willis et al., 2010). 
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1.2.2. Sedimentary archives as records of past climates and ecosystems 

Material preserved within palaeoenvironmental sedimentary archives can be analysed and used 

to construct retrospective records of climate and ecosystem change over periods of time much 

longer than what can be achieved with contemporary monitoring alone (Dearing et al., 2006). 

These sedimentary archives become temporally stratified when deposited material gradually 

accumulates to form a series of layers which each represent a discrete interval of time. Organic 

molecules preserved within each layer can be used to infer the state of the climate or ecosystem 

at the time of deposition (Zolitschka et al., 2015). To be used as effective palaeoenvironmental 

records, the sediment must be annually laminated or amenable to dating methods such as 

radiometric dating to establish a reliable chronology (Arcusa et al., 2022), should experience 

little to no disturbance or mixing between stratified layers (Glew et al., 2002), and 

environmental conditions should be suitable for the preservation of organic matter, such as a 

low temperature, low light availability, low oxygenation and minimal microbial activity 

(Meyers, 1997; Zonneveld et al., 2010). Environments that can be sampled to collect temporally 

stratified samples include marine sediments (Selway et al., 2022; Yang et al., 2020), lake 

sediments (Ibrahim et al., 2021; Naeher et al., 2012), peatlands (Blundell et al., 2016; 

Lamentowicz et al., 2015), cave speleothems (Stahlschmidt et al., 2019; Wang et al., 2018) and 

permafrost (Ilyashuk et al., 2006; Stapel et al., 2016). 

 

1.2.3. Properties of effective and reliable biomarkers 

Biomarkers are molecules or structures produced by living organisms that can be extracted from 

the environment and used to provide information about the past or present occurrence or 

physiological state of the organisms which produced them (Brocks and Grice, 2011; Feng et 

al., 2019). This information can, in turn, be used to infer the environmental or climatic 
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conditions the producers were responding to (Eglinton and Eglinton, 2008). Biomarkers, often 

described as molecular fossils, can be extracted from temporally stratified sedimentary archives 

and possess several qualities that make them useful for reliable reconstructions of past climates 

and ecosystems (Eglinton and Logan, 1991; Summons and Lincoln, 2012). 

The temporal extent of a reconstruction depends on how well biomarkers are preserved in the 

environment. To produce reliable reconstructions which extend over hundreds, thousands, or 

even millions of years, biomarkers must be resistant to degradation and should not undergo 

significant structural modifications during preservation in the environment (Eglinton and 

Logan, 1991; Meyers, 1997). The processes leading to their preservation in the environment, 

known as taphonomy, should be well understood to ensure any pre- or post-depositional 

structural modifications that do occur do not compromise the reliability of reconstructions 

(Maloney et al., 2022). Furthermore, the transportation of biomarkers from their source and 

their residence time in intermediate environments prior to deposition in the sedimentary archive 

must be well-characterised to ensure that interpretations of their presence are correctly applied 

to their true environmental source (Eglinton and Eglinton, 2008). 

The biological sources of biomarkers must be identifiable to prevent misleading interpretations 

of their presence in palaeoenvironmental archives (Belt et al., 2018). Biomarkers with high 

taxonomic specificity are important indicators of the occurrence and distribution of certain taxa 

in past environments, and can be used to reconstruct taxa-specific responses to environmental 

changes (Moldowan and Jacobson, 2000). Biomarkers produced by organisms that are highly 

sensitive to the environment and show well-characterised responses to environmental 

conditions are particularly useful for providing historical insights into environmental and 

climatic changes (Limaye et al., 2010; Meyers, 1997). To enable estimates of past relative 

abundance, the relative abundance of a biomarker extracted from the environment should be 
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related to that of the producer (Boschker and Middelburg, 2002). To ensure the reliability of 

biomarker-based palaeoenvironmental and palaeoclimatic reconstructions, biomarkers must 

first be calibrated with modern conditions to understand how their presence varies in space and 

time (Laprida et al., 2017). Furthermore, to ensure the inferred trends represent true temporal 

changes, they must be validated against other biomarker-based reconstructions or instrumental 

monitoring records of the same time period (Axford et al., 2011). 

 

1.3. Biomarkers for the reconstruction of past microbial communities 

1.3.1. Importance of long-term records of microbial communities 

The activity, abundance and composition of microbial communities are highly sensitive to 

environmental and climatic changes (Litchman et al., 2015; Zingel et al., 2018). Microbial 

communities form the base of many food webs and play important roles in nutrient cycling and 

primary production across various environments including soils, lakes and oceans (Newton et 

al., 2011; Sarmento, 2012). Additionally, microbes are often the first to respond to 

environmental changes, making them important indicators of change (Bloem and Breure, 

2003). Producing reliable and detailed long-term records of microbial communities is therefore 

crucial for understanding how the broader ecosystem may respond to long-term drivers of 

change (Shade et al., 2012). 

 

1.3.2. Traditional biomarkers for studying past microbial communities 

Microbes produce a wide range of molecules that can act as biomarkers (Fig. 1.1), providing 

valuable information on their past and present occurrence, abundance, diversity, activity and 

physiological state (Boschker and Middelburg, 2002; Morgan and Winstanley, 1997). 
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Microbial biomarkers traditionally used in palaeoenvironmental studies include lipids 

(Volkman et al., 1998), pigments (Leavitt and Hodgson, 2002), and cell structures such as 

frustules and cysts (Verleyen et al., 2017) which are preserved in the environment and are 

specific to certain microbes and taxonomic groups. 

Figure 1.1. Simplified illustration of the deposition and preservation of bacterial and eukaryotic 
microbial communities and their biomarkers in a dated sedimentary archive. Examples of lipid, 
pigment, microfossil and sedimentary DNA (sedDNA) biomarkers are given. 

 

Sterols, hopanoids and alkenones are among some of the lipids produced by microbes that have 

applications as biomarkers (Volkman and Smittenberg, 2017). Sterols, which are predominately 

produced by eukaryotic algae, and hopanoids, which are predominantly produced by bacteria, 

are particularly well-preserved in the environment and have been used to trace contribution 

from algal (Cao et al., 2016; Schwark and Empt, 2006) and bacterial (Chen et al., 2011; Saito 

and Suzuki, 2007; Song et al., 2013; Xu and Jaffé, 2008) communities to lake and marine 

sedimentary records over millions of years. Alkenones, which are long-chained unsaturated 

ketones produced by some haptophytes, are also relatively well-preserved in the environment 
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and have been used to reconstruct past haptophyte abundance in lake and marine sedimentary 

records over thousands of years (dos Santos et al., 2012; Randlett et al., 2014). 

Eukaryotic algae and photosynthetic bacteria produce a variety of pigments that can be used as 

biomarkers (Sanger, 1988). The taxonomic specificity of photosynthetic pigments is variable, 

as several photosynthetic pigments, such as chlorophyll a, diatoxanthin and fucoxanthin, are 

produced by multiple algal groups. However, some pigments are specific to certain algal phyla, 

such as alloxanthin, which is produced by cryptophytes, dinoxanthin and peridinin, which are 

produced by dinoflagellates, and echinenone and zeaxanthin, which are produced by 

cyanobacteria. Some cyanobacterial pigments are indicative of specific classes or even genera, 

such as aphanizophyll, which is produced by nitrogen-fixing cyanobacteria, and oscillaxanthin, 

which is specific to Oscillatoria (Leavitt and Hodgson, 2002). These photosynthetic pigments 

have been extracted from lake and marine sediment cores to reconstruct past cyanobacterial and 

eukaryotic algal community dynamics over timescales ranging from a few hundred to a million 

years (Deshpande et al., 2014; Florian et al., 2015; Funkey et al., 2014; Tani et al., 2009). 

Pigments typically produced by purple and green sulfur bacteria, such as bacteriochlorophyll 

a, bacteriophaeophytins, okenone and chlorobactene, have also been used as biomarkers to 

reconstruct bacterial communities in lake and marine sedimentary archives (Brocks et al., 2005; 

Coolen and Overmann, 1998; Romera-Viana et al., 2009; Tani et al., 2009). 

Microfossil remains of some microbes can be found in sedimentary archives and used as 

biomarkers (Battarbee, 2000). This includes the silica frustules of diatoms (Verleyen et al., 

2017) and the resting cysts formed by some dinoflagellates (Mertens et al., 2012) and 

chrysophytes (Smol, 1988) which are well-preserved and have highly specific morphologies 

(Mertens et al., 2012; Verleyen et al., 2017). These microfossils have been extracted from lake 

and marine sedimentary archives and identified to the genus or species level with microscopy 
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to reconstruct past abundance and community composition over timescales ranging from a few 

thousand to millions of years (Andrén et al., 2000; Drljepan et al., 2014; Hembrow et al., 2014; 

Leira, 2005; Paterson et al., 2003; Warny et al., 2009). 

Microbial lipids and photosynthetic pigments are well-preserved in sedimentary archives, but 

their use as effective biomarkers is limited by a generally low taxonomic resolution that rarely 

allows identification beyond the class level (Gong et al., 2020). Well-preserved and 

morphologically distinct microfossil remains are only produced by a few microbial groups 

(Verleyen et al., 2017). To study the temporal dynamics of the wider microbial community, 

including microbes that cannot easily be resolved with traditional biomarkers due to non-

specific lipids and pigments or an absence of well-preserved structures, a biomarker that can be 

applied to the wider microbial community with a relatively high taxonomic resolution is needed. 

 

1.3.3. Use of sedDNA to study past microbial communities 

DNA preserved in sedimentary archives can be extracted, sequenced, and used to reconstruct 

past communities (Capo et al., 2021). sedDNA is a relatively recent addition to the suite of 

biomarkers, and this technique can be used to study past microbial communities in much greater 

detail than what can be achieved with traditional biomarkers (Capo et al., 2021; Domaizon et 

al., 2017). Metabarcoding of sedDNA can target the wider community with broad-range 

amplicon primers (Tessler et al., 2023), or target taxa of interest with specific amplicon primers 

(Feist and Lance, 2021; Kang et al., 2021). sedDNA can be applied to bacteria (Li et al., 2019a), 

eukaryotic microbes (Capo et al., 2016), zooplankton (Tsugeki et al., 2022) and macrophytes 

(Stoof-Leichsenring et al., 2022), and therefore has the potential to be used to reconstruct 

interactions within and between different trophic levels (Barouillet et al., 2022; Ellegaard et al., 
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2020). Depending on amplicon primer specificity and reference sequence database coverage, 

metabarcoding of sedDNA can be used to make genus and sometimes species level assignments 

(Anslan et al., 2020; Tessler et al., 2023). Furthermore, sedDNA can also be used to study how 

microbial activity may have changed in response to environmental and climatic changes with 

metagenomics and functional gene analysis (Ellegaard et al., 2020). For example, genes 

implicated in metabolic pathways can be targeted to understand the roles of microbes in 

biogeochemical cycling (Qian et al., 2023). Other functional genes that can be targeted include 

those involved in the biosynthesis of harmful toxins to understand how their production may 

have been influenced by environmental and climatic conditions in the past, and to inform 

predictions of the occurrence and impacts of future harmful blooms (Heathcote et al., 2023; Tse 

et al., 2018). 

Lake and marine sedDNA have been used to reconstruct past eukaryotic algal and 

cyanobacterial communities and their responses to long-term environmental change such as 

eutrophication and climate warming (Capo et al., 2016; Domaizon et al., 2013; Ibrahim et al., 

2020; Monchamp et al., 2016, 2019; Segawa et al., 2022), and lake acidification (Mejbel et al., 

2023) over timescales of up 2200 years. sedDNA reconstructions of bacterial communities are 

rare in comparison, but lake sedDNA has also been used to reconstruct past bacterial 

community responses to nutrient enrichment and heavy metal contamination over 150 years (Li 

et al., 2019a). There is evidence that suggests that microbial DNA can be preserved in 

sedimentary archives for up to 10,000 years (Coolen and Overmann, 1998), and plant and 

animal DNA has been recovered from 2 million year-old permafrost (Kjær et al., 2022). 

Therefore, under favourable conditions for preservation, sedDNA has significant potential to 

reconstruct past communities over long timescales. 
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Similar to traditional microbial biomarkers, the reliability of sedDNA-based reconstructions is 

dependent upon our understanding of the transport and preservation of organic matter in 

sedimentary archives (Capo et al., 2021; 2022). However, it is not yet known whether the DNA 

of some bacterial and eukaryotic microbes may deposit more efficiently in sedimentary archives 

and be more resistant to degradation than others (Capo et al., 2021; Mejbel et al., 2022). DNA 

may be degraded by oxidation, photooxidation, hydrolysis or by the activity of enzymes such 

as DNases, and dissolved DNA may be more vulnerable to these processes compared to 

intracellular DNA or that which is adsorbed to particles (Mauvisseau et al., 2022; Nwosu et al., 

2021). Furthermore, some sedDNA may originate from modern microbial communities that are 

active within the sediment and obscure the temporal signal derived from relic DNA (Capo et 

al., 2021). sedDNA-based reconstructions of eukaryotic and cyanobacterial communities are 

similar to those reconstructed based on sedimentary pigments (Picard et al., 2022a; Tse et al., 

2018) and diatom frustules (Anslan et al., 2022). However, biases may also arise in pigment 

and diatom frustule-based records due to the effects of differential deposition and degradation  

(Leavitt and Carpenter, 1989; Reuss et al., 2005). Therefore, detailed comparisons with long-

term monitoring records of microbial communities are needed to validate sedDNA as an 

effective and reliable biomarker. 

 

1.4. Microbial lipid biomarkers for the reconstruction of past climates 

1.4.1. Homeoviscous membrane adaptation 

In addition to providing information about the presence and abundance of the source organism, 

the structure of some microbial lipids can also provide information about past and present 

climates due to their involvement in homeoviscous membrane adaptation (Ouyang et al., 2015). 
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Homeoviscous adaptation is the mechanism by which microbes adjust their membrane lipid 

composition to maintain optimal membrane fluidity in response to temperature, pH and other 

environmental conditions (Ernst et al., 2016). A high temperature can cause membranes to 

become too fluid and compromise their integrity. Long, straight-chained and saturated lipids 

form an ordered structure with a high density of intermolecular interactions, and incorporating 

a greater proportion of these lipids can therefore stabilise membranes at a high temperature. 

Conversely, a low temperature can cause membranes to become too rigid and reduce 

permeability. Incorporating a greater proportion of short, branched and unsaturated lipids can 

disrupt the organised structure of the membrane and therefore improve membrane fluidity at a 

low temperature (De Carvalho and Caramujo, 2018; Ernst et al., 2016). Maintaining an optimal 

intracellular pH is critical for all cellular processes. Microbes in an acidic environment 

experience a steeper proton gradient, and to prevent an excessive influx of protons, microbes 

incorporate a higher proportion of long, straight-chained and saturated lipids to reduce 

membrane permeability (Guan and Liu, 2020). However, while homeoviscous membrane 

adaptation in response to temperature is highly conserved among many microbes, the adaptive 

membrane response to pH may differ between acidophilic, neutrophilic and alkaliphilic 

microbes (Siliakus et al., 2017). 

 

1.4.2. Microbial lipids as palaeoclimate biomarkers 

Numerous classes of microbial membrane lipids are involved in homeoviscous adaptation 

(Siliakus et al., 2017), some of which have applications as palaeoclimate biomarkers (Volkman 

and Smittenberg, 2017). Glycerol dialkyl glycerol tetraethers (GDGTs) are membrane-spanning 

lipids produced by some bacteria and archaea (Weijers et al., 2007). GDGTs are some of the 

most widely applied microbial lipid palaeoclimate biomarkers (Ouyang et al., 2015). GDGTs 
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containing isoprenoid moieties (isoGDGTs) are produced by archaea such as Euryarchaeota 

and Thaumarchaeota and when grown at higher temperatures, archaea produce isoGDGTs 

containing more cyclopentane rings than at lower temperatures (Kim et al., 2008). The 

tetraether index based on the degree of cyclisation of isoGDGTs with 86 carbons (TEX86) is 

positively correlated with temperature and has been used to estimate past sea surface 

temperature (SST) (Schouten et al., 2002) and lake surface temperature (Powers et al., 2010). 

Branched GDGTs (brGDGTs) are thought to be derived from bacteria, and proxies based on 

brGDGTs have also been developed for use in terrestrial environments, including the 

cyclisation of brGDGTs (CBT index) which is negatively correlated with soil pH, and the 

degree of methyl branching of brGDGTs (MBT index) which is positively correlated with mean 

annual air temperature (MAAT) (Weijers et al., 2007). While TEX86 has been applied to marine 

environments to reliably reconstruct past SST (Huguet et al., 2006; O’Brien et al., 2017; 

Robinson et al., 2016), the application of TEX86, CBT and MBT in a lake environment may be 

unreliable, possibly due to inputs from multiple, poorly characterised sources of GDGTs which 

may include in situ lake production or run-off from the surrounding catchment (Naeher et al., 

2014; Powers et al., 2010; Sinninghe Damsté et al., 2012; Tierney and Russell, 2009). The 

reliability of GDGT-based palaeoclimate reconstructions appears to be strongly influenced by 

seasonality (Loomis et al., 2012), and iso and brGDGT-based temperature proxies have been 

found to perform poorly in eutrophic lakes compared to less nutrient-rich lakes, although the 

reasons for this are currently unclear (Blaga et al., 2009). The application of brGDGTs as 

palaeoclimate biomarkers is further limited by uncertainties regarding their bacterial producers. 

Efforts to constrain their producers have focussed on Acidobacteria (De Jonge et al., 2019), but 

brGDGTs or precursors of brGDGTs have only been identified in a small number of 
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Acidobacteria strains (Halamka et al., 2022; Sinninghe Damsté et al., 2018), and production of 

brGDGTs by other bacterial taxa is yet to be confirmed (Halamka et al., 2022). 

These limitations of GDGT-based palaeoclimate biomarkers highlight the need for additional 

lipid biomarkers which are produced by the wider bacterial community and can be applied to 

both terrestrial and marine environments to reliably reconstruct past climates. 3-OH FAs are 

thought to be produced by most gram-negative bacteria and are ubiquitous and abundant in 

terrestrial and marine environments (Wang et al., 2016). 3-OH FAs are therefore excellent 

candidates for development as palaeoclimate biomarkers. 

 

1.4.3. Structure and function of 3-OH FAs 

3-OH FAs are a class of fatty acids with a hydroxyl group on the third carbon of the carbon 

chain. Different structural isomers exist, including normal 3-OH FAs with no methyl branching, 

iso 3-OH FAs with a methyl branch on the penultimate carbon and anteiso 3-OH FAs with a 

methyl branch on the third carbon from the terminus (Fig. 1.2). The 3-OH FA carbon chain may 

be saturated or unsaturated (Christie and Han, 2012). 
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Figure 1.2. Structure of normal (A), iso (B) and anteiso (C) saturated C15 3-OH FAs. 

 

3-OH FAs with carbon chain lengths ranging between C10 and C18 are predominantly produced 

by bacteria (Wilkinson, 1988). Other sources of 3-OH FAs include some fungi with 3-OH FA 

carbon chain lengths between C3 and C20 (Kock et al., 2003; Schwarz et al., 2004; Van Dyk et 

al., 1994), eukaryotic algae with 3-OH FA carbon chain lengths between C10 and C30 

(Matsumoto and Nagashima, 1984; Volkman et al., 1999), and plants with 3-OH FA carbon 

chain lengths between C14 and C28 (Dumri et al., 2008; Özen et al., 2004; Racovita et al., 2015), 

although 3-OH FAs are not considered to be major fatty acids in these organisms. 

Bacterial 3-OH FAs are found in the outer gram-negative membrane where they bind via ester 

or amide bonds to the glucosamine unit of lipid A in lipopolysaccharides (Caroff and Karibian, 

2003). Gram-positive bacteria lack an outer membrane and therefore do not have the associated 

membrane-bound 3-OH FAs (Silhavy et al., 2010). However, both gram-negative and gram-

positive bacteria can also produce 3-OH FAs as a component of biosurfactants which promote 

the formation of and adhesion to biofilms (Besson et al., 1992; Nakagawa and Matsuyama, 
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1993; Ron and Rosenberg, 2001; Youssef et al., 2005). Other biological functions of bacterial 

3-OH FAs include their role as signalling molecules involved in the regulation of gene 

expression (Fetzner, 2015; Flavier et al., 1997), their ability to inhibit the growth of fungi (Pohl 

et al., 2011; Sj�gren et al., 2003), and similar to many other classes of membrane lipids, 3-OH 

FAs also have a key role in regulating the fluidity of gram-negative bacterial membranes in 

homeoviscous adaptation (Hellequin et al., 2023; Russell and Fukunaga, 1990; Siliakus et al., 

2017). Bacteria can incorporate a higher proportion of longer-chained and normal 3-OH FAs 

to prevent the membrane from becoming too fluid at a high temperature and to reduce 

permeability at an acidic pH. When exposed to low temperatures, a higher proportion of shorter-

chained and branched iso and anteiso 3-OH FAs can restore membrane fluidity. Furthermore, 

anteiso 3-OH FAs have a stronger influence on membrane fluidity compared to iso 3-OH FAs 

(Kaneda, 1991). 

 

1.4.4. Biomarker applications of 3-OH FAs 

The detection of 3-OH FAs is considered to be diagnostic for the presence of gram-negative 

bacteria, and bacterial 3-OH FAs therefore have numerous applications as biomarkers in 

clinical and environmental settings (Li et al., 2010). For example, bacterial lipopolysaccharides, 

also known as endotoxins, can elicit immune responses in mammalian hosts (Sampath, 2018). 

The 3-OH FAs associated with lipopolysaccharides can therefore be used as biomarkers in the 

diagnosis of bacterial infections (Ferrando et al., 2005; Kraśnik et al., 2006; Szponar et al., 

2012). 3-OH FAs have also been used as biomarkers of the presence of gram-negative bacteria 

in a wide range of environmental samples including soils, lake sediments, marine sediments 

and bioaerosols (Blumenberg et al., 2012; Keinänen et al., 2003; Koponen et al., 2006; Lee et 

al., 2004; Zelles et al., 1992). Furthermore, the amount of membrane-bound 3-OH FAs per 
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bacterial cell is relatively consistent, making 3-OH FAs a useful biomarker of gram-negative 

bacterial biomass (Keinänen et al., 2003; Lee et al., 2004). Spatial or temporal changes in 3-

OH FA distribution in environmental samples may indicate a shift in bacterial community 

composition (Zogg et al., 1997). However, while 3-OH FA composition may be similar among 

closely related taxa, their use as a taxonomic biomarker is limited because knowledge of the 3-

OH FAs which may be characteristic of certain taxa is restricted to a relatively small proportion 

of cultured strains (Zelles, 1999). Recently, gram-negative bacterial 3-OH FAs have gained 

particular interest as novel palaeoclimate biomarkers (Wang et al., 2016). 

 

1.4.5. Development of 3-OH FAs as palaeoclimate biomarkers 

Wang et al. (2016) were the first to generate proxies based on 3-OH FAs which are responsive 

to MAAT and soil pH and therefore have the potential to be used as palaeoclimate biomarkers. 

In Chinese soils, the relative abundances of iso, anteiso and normal 3-OH FA isomers with 

carbon chain lengths between C10 and C18 were determined and combined in a series of indices. 

The strength of the correlation between each index and environmental conditions such as 

MAAT and soil pH was assessed. Indices with the strongest and most significant correlations 

were investigated further and proposed as potential proxies of MAAT or soil pH. This included 

the ratio of anteiso to normal C15 and C17 3-OH FAs (RAN15 and RAN17, respectively) which 

were negatively correlated with MAAT, and the negative logarithm of the ratio of iso and 

anteiso to normal 3-OH FAs (RIAN index) which was negatively correlated with soil pH (Wang 

et al., 2016). The performance of RAN15, RAN17 and RIAN indices as MAAT and soil pH 

proxies were tested in soils from Tanzania, Italy (Huguet et al., 2019) and France (Véquaud et 

al., 2021), revealing the existence of region-specific variation between each MAAT and soil 

pH calibration. The source of this variation is yet to be determined, and has limited the 
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generation of a reliable global soil calibration of RAN15, RAN17 and RIAN (Véquaud et al., 

2021; Wang et al., 2021). 

Additional 3-OH FA proxies have been proposed for specific application to lake (Yang et al., 

2021) and marine (Dong et al., 2023; Yang et al., 2020) environments. The RAN index based 

on C13 3-OH FAs (RAN13) and the ratio of iso to normal C17 3-OH FAs (RIN17) had stronger 

negative correlations with MAAT in lake sediments compared to RAN15 and RAN17 developed 

for use in soils (Yang et al., 2021). RAN13 was also negatively correlated with SST in marine 

sediments (Yang et al., 2020). The relative abundance of iso, anteiso and normal C12, C13 and 

C14 3-OH FAs in marine sediments was found to be strongly influenced by SST, leading to the 

proposal of RANS, which is based on the ratio of these short-chained isomers and negatively 

correlated with SST, as a 3-OH FA proxy specific to marine sediments (Dong et al., 2023). 

 

1.4.6. Palaeoclimate reconstructions based on 3-OH FAs 

The first palaeoclimate reconstruction based on 3-OH FAs was performed on an annually 

laminated cave stalagmite in central China (Wang et al., 2018). The stalagmite record 

represented an accumulation of material from overlying soil deposited via cave drip water, and 

the 3-OH FAs extracted from radiometrically dated sections of the stalagmite were therefore 

assumed to be largely derived from this overlying soil. The RAN15, RAN17 and RIAN indices 

were calculated and used to estimate past MAAT and pH according to the calibrations 

previously performed in Chinese soils (Wang et al., 2016). This analysis revealed a warm 

period during the early to middle Holocene, followed by a cooler period during the late 

Holocene. Reconstructed pH was used to predict past hydrological changes, suggesting that two 
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long wet periods and one drier period may have occurred during the Holocene (Wang et al., 

2018). 

3-OH FAs have also been extracted from sections of a marine sediment core to reconstruct past 

SST over a 70-year period (Yang et al., 2020). The RAN13 index which has been shown to 

perform well in aquatic environments (Yang et al., 2020, 2021), and the RANS index developed 

for use in marine sediments (Dong et al., 2023) were each calibrated with SST in marine surface 

sediments and applied down-core to estimate past SST. The RAN13 and RANS-reconstructed 

trends in SST were broadly comparable with a long-term instrumental record of SST and 

performed better than TEX86 as a proxy of past SST (Dong et al., 2023; Yang et al., 2020). 

3-OH FAs have been shown to have significant potential as palaeoclimate biomarkers (Wang 

et al., 2018; Yang et al., 2020), but their performance as palaeoclimate biomarkers is yet to be 

assessed in lake sediment cores. Furthermore, the reliability of palaeoclimate reconstructions is 

dependent on the performance of 3-OH FA calibrations, which have been shown to vary 

substantially between regions (Véquaud et al., 2021; Wang et al., 2021) and different 

environments (Wang et al., 2016; Yang et al., 2020, 2021). The source of this variation is 

currently unknown but could be attributed to variation in bacterial community composition. 

However, the bacterial producers of 3-OH FAs in different environments and how they respond 

to changes in environmental conditions are poorly understood (Wang et al., 2021; Yang et al., 

2020, 2021). Identification of the main bacterial producers of each 3-OH FA isomer and a more 

comprehensive understanding of their ecology and physiological responses to environmental 

conditions are crucial in the development of 3-OH FAs as reliable biomarkers for palaeoclimate 

reconstruction. 
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1.5. Thesis outline and aim 

The aim of this thesis is to further develop two novel microbial biomarkers, sedDNA for 

reconstructing past microbial communities, and 3-OH FAs for reconstructing past climates. 

Chapters 2 and 3 will focus on validating sedDNA as a reliable palaeolimnological record of 

bacterial and phytoplankton communities, respectively. Chapter 4 will address the source and 

fate of bacterial and eukaryotic microbial sedDNA in lake sediments. Chapter 5 will explore 

the influence of the bacterial community on 3-OH FAs in the environment, while Chapter 6 

will focus on identifying the bacterial producers in laboratory cultures. Finally, Chapter 7 will 

bring together the conclusions from each chapter, discuss the implications for the use of 

sedDNA and 3-OH FAs in palaeolimnology and palaeoclimatology, and provide 

recommendations for future research to help further their development as effective and reliable 

biomarkers.  
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Chapter 2: Sedimentary DNA records long-term changes in a lake 

bacterial community in response to varying nutrient availability 

This chapter has been published in Environmental DNA as: Thorpe, A. C., Anderson, A., 
Goodall, T., Thackeray, S. J., Maberly, S. C., Bendle, J. A., Gweon, H. S. and Read, D. S. 
(2022) Sedimentary DNA records long-term changes in a lake bacterial community in response 
to varying nutrient availability. Environmental DNA, 4 (6), 1340-1355. 
https://doi.org/10.1002/edn3.344.  
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2.1. Abstract 

Microbial communities play important roles in lake ecosystems and are sensitive to 

environmental change. However, our understanding of their responses to long-term change such 

as eutrophication is limited as long-term lake monitoring is rare, and traditional 

palaeolimnological techniques (pigments and microfossils) are restricted to a low taxonomic 

resolution, or organisms with well-preserved structures. Sedimentary DNA (sedDNA) is a 

promising technique to reconstruct past microbial communities in sediments, but taphonomic 

processes and the ability of sedDNA to record bacterial pelagic history accurately are largely 

unknown. Here, we sequenced the 16S rRNA gene in triplicate sediment cores from Esthwaite 

Water (English Lake District) which has concurrent long-term monitoring and observational 

data. The sediment record spanned 113 years and included an episode of increased nutrient 

availability from the 1970s, followed by a more recent decline. Trends in bacterial community 

composition were broadly similar among the three sediment cores. Cyanobacterial richness in 

the sediment cores correlated significantly with that of cyanobacteria in a 65-year microscopy-

based monitoring record, and some known pelagic bacterial taxa were detected in the sediment. 

sedDNA revealed distinct shifts in community composition in response to changing lake 

physicochemical conditions. The relative abundance of cyanobacteria closely reflected nutrient 

enrichment, and Proteobacteria, Bacteroidetes and Verrucomicrobia were relatively more 

abundant in recent sediments, while Chloroflexi, Firmicutes, Acidobacteria, Nitrospirae, 

Spirochaetes and Planctomycetes declined in more recent sediments. Following lake restoration 

efforts to reduce nutrient enrichment, the relative abundance of cyanobacteria returned to pre-

1970 levels, but the bacterial community did not fully recover from the period of intense 

eutrophication within the time scale of our study. These results suggest that sedDNA is a 

valuable approach to reconstruct lake microbial community composition over the 100-year time 
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scale studied, but an improved understanding of DNA deposition and degradation is required 

to further the application of sedDNA in palaeolimnology. 

 

2.2. Introduction 

Microbial communities form an integral component of lake ecosystems due to their diverse 

roles in nutrient cycling and position near the base of food webs (Newton et al., 2011). 

However, lake microbial communities are highly sensitive to environmental perturbations 

(Zingel et al., 2018), and many lakes worldwide are experiencing a complex mix of interacting 

pressures from the effects of human activities, such as nutrient enrichment and climate change 

(Birk et al., 2020). Eutrophication from increased nutrient pollution can change ecosystem 

dynamics, lead to a change and loss of biodiversity, and increase the frequency and severity of 

cyanobacterial blooms which can produce toxic compounds that are harmful to wildlife and 

humans (Battarbee et al., 2012). Climate change can exacerbate the effects of eutrophication, 

which further threatens the diverse biota that lakes support, and can have consequences for 

biogeochemical cycles (Davidson and Jeppesen, 2013; Richardson et al., 2019). Effective 

management of lakes is therefore crucial to maintain these important ecosystems, but relies on 

a comprehensive understanding of how lake microbial communities respond to environmental 

change. 

Lake microbial community dynamics have previously been studied on relatively short temporal 

scales of less than 10 years (Rösel et al., 2012; Shade et al., 2007), but multi-decadal time series 

are required to understand how communities respond to, and recover from, long-term drivers 

such as eutrophication and climate change. Such knowledge can inform predictions of how 

ecosystems may respond to future change, and provide a baseline for lake restoration (Bennion 
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et al., 2011; Maberly and Elliott, 2012). However, long-term and high-resolution monitoring 

records for lakes are rare (Battarbee et al., 2012; Dong et al., 2012). Sediments can provide a 

long-term record of past communities, but traditional palaeolimnological techniques are 

restricted to groups of organisms which leave well-preserved and morphologically distinct 

remains in sediments (Hobbs et al., 2010), or those whose abundance can be inferred from 

proxies such as pigments (Moorhouse et al., 2014). 

Molecular-based techniques utilising DNA preserved in lake sediments offer an opportunity to 

study a wider diversity of organisms with a higher taxonomic resolution compared to traditional 

palaeolimnological techniques (Domaizon et al., 2017). DNA from living organisms is 

deposited in lake sediment where it is progressively buried and preserved over long periods of 

time. DNA extracted from different depths within sediment cores can therefore reflect the 

community present at the time of deposition, and the vertical organisation of sedimentary DNA 

(sedDNA) can be used to reconstruct temporal patterns in community composition (Capo et al., 

2021). Lake sedDNA has previously been used to investigate changes in the diversity and 

community composition of eukaryotic microbes and cyanobacteria in response to trophic status 

and climate warming over periods ranging between 100 and 2200 years (Capo et al., 2016; 

Domaizon et al., 2013; Ibrahim et al., 2020; Monchamp et al., 2016, 2019). Few sedDNA 

studies have focused on lake bacterial communities, but Li et al. (2019a) demonstrated that 

sedDNA can be used to explore how different bacterial groups responded to nutrient and heavy 

metal pollution in a lake in China over a period of 150 years. 

Previous sedDNA records for eukaryotic algae and cyanobacteria correlate with sediment core 

pigment records (Pal et al., 2015; Tse et al., 2018), and the community detected in the sediment 

closely reflects the phytoplankton community in the water column according to DNA 

sequencing (Capo et al., 2015) and microscopic analysis of pelagic communities (Monchamp 
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et al., 2016). However, the extent to which sedimentary records represent the pelagic bacterial 

community is largely unknown. Due to their small size, bacteria may not deposit in the sediment 

efficiently, and those that do settle may be mostly particle-associated bacteria whereas more 

buoyant cells could be flushed from the lake (Thupaki et al., 2013; Vuillemin et al., 2017). The 

contribution of the active, in situ sediment microbial community to the sedDNA signal 

compared to that deposited over time by the pelagic community is also poorly understood (Capo 

et al., 2021; Wurzbacher et al., 2017). The taphonomic processes which influence DNA 

preservation, such as oxidation, hydrolysis, decomposition by heterotrophs and grazing by 

zooplankton, likely differ in the water column compared to that in the lake sediment (Giguet-

Covex et al., 2019; Nwosu et al., 2021), and as a water-soluble molecule, free, extracellular 

DNA may be highly unstable in the water column (Mauvisseau et al., 2022). DNA originating 

from different sources may therefore experience different rates of degradation. The extent to 

which degradation of DNA over time may confound the sedDNA signal, and whether DNA 

from certain microbial taxa is more susceptible to degradation is relatively unknown (Boere et 

al., 2011). Furthermore, many palaeolimnology studies have used a single sediment core with 

the assumption that DNA is deposited in a homogenous manner in lakes, but whether different 

sediment cores show spatial heterogeneity is poorly understood (Capo et al., 2021). Lakes with 

detailed long-term monitoring and observational records offer an ideal opportunity to address 

these uncertainties and assess the reliability of sedDNA in palaeolimnology. 

Our study is focussed on Esthwaite Water, a lake in the Windermere catchment of the English 

Lake District. It is one of the best studied lakes in the world, as lake conditions have been 

continually monitored since 1945 and the long history of human activity in the catchment is 

well-documented (Dong et al., 2011). Prior to the 1970s, there was a gradual increase in nutrient 

concentrations in Esthwaite Water, following inputs from lowland pasture and fertiliser run-
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off, and sewage effluent from local villages (Talling and Heaney, 1983). Nutrient enrichment 

in Esthwaite Water accelerated dramatically since the 1970s, with the construction of 

wastewater treatment works in 1973, followed by the establishment of a fish farm in the lake in 

1981 (Dong et al., 2011). Esthwaite Water is one of the most nutrient-enriched lakes in the Lake 

District, and blooms of cyanobacteria have frequently been observed in recent decades (Dong 

et al., 2012). Efforts have since been made to reduce nutrient enrichment in the lake, with 

tertiary wastewater treatment initiated in 1986, closure of the fish farm in 2009, and further 

upgrades to the wastewater treatment works in 2010 (Dong et al., 2011, Maberly et al., 2011a). 

However, continued release of phosphorus from sediments may delay recovery of the lake from 

this intense period of nutrient enrichment (Dong et al., 2012). Like other lakes worldwide 

(Maberly et al. 2020), Esthwaite Water is also increasingly influenced by climate change. 

Eukaryotic algae and cyanobacteria in Esthwaite Water and the neighbouring lakes in the Lake 

District have previously been studied using observational records (Feuchtmayr et al., 2012; 

Talling and Heaney, 2015; Thackeray et al., 2008). Lake sediment cores from Esthwaite Water 

have extended these records over longer time periods. Cyanobacterial and algal pigments have 

shown an overall increasing trend from 1800 to the 2000s (Moorhouse et al., 2018), and analysis 

of diatom frustules revealed distinct shifts in the diatom community over 1200 years (Dong et 

al., 2011). However, previous records have largely been limited to organisms such as diatoms 

which can be readily identified using traditional palaeolimnological techniques (Bennion et al., 

2000; Dong et al., 2011, 2012). The long-term temporal dynamics of other lake 

microorganisms, such as bacteria which do not leave well-preserved or morphologically distinct 

remains, are therefore poorly understood both in the Lake District (Rhodes et al., 2012), and 

globally (Billard et al., 2015; Thomas et al., 2019). 
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The present study combines a lake sedDNA record of 113 years with detailed, long-term 

monitoring records to: (i) assess whether sedDNA is an effective and reliable tool to reconstruct 

past microbial community composition in lake sediments, (ii) investigate how the bacterial and 

cyanobacterial community have responded to past human activity and environmental change, 

and (iii) assess the resilience of lake microbial communities to lake restoration. 

 

2.3. Materials and methods 

2.3.1. Study site 

Esthwaite Water (54° 21.56’ N, 2° 59.15’ W) is a relatively small lake in the Windermere 

catchment of the Lake District National Park, Cumbria, UK (Appendix A, Fig. S1). The lake 

has a surface area of 0.96 km2, a volume of 6.7 ×106 m3, mean and maximum depths of 6.9 m 

and 16 m, respectively, and an average retention time of 91 days. Esthwaite Water has a 

catchment area of 17 km2, which is primarily comprised of improved grassland and broadleaf 

forest (Maberly et al., 2011a). There is a well-documented history of human activities and 

intense eutrophication in Esthwaite Water and its catchment (Dong et al., 2011). 

 

2.3.2. Long-term lake monitoring 

Physical, chemical and biological conditions in Esthwaite Water have been continually 

monitored on a weekly or fortnightly basis since 1945 by the Freshwater Biological Association 

(FBA) until 1989, and then by the UK Centre for Ecology & Hydrology (UKCEH). The dataset 

used in the present study covered the period from 1945 to 2015 (Maberly et al., 2017). Surface 

water samples and measurements, integrated over 0-5 m depth, were collected from the deepest 

point of Esthwaite Water, including surface water temperature, surface water pH, alkalinity, 
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and the concentration of total phosphorus (TP), soluble reactive phosphorus (SRP), nitrate-

nitrogen (NO3-N), ammonium-nitrogen (NH4-N), and chlorophyll a. Winter SRP was 

calculated as the mean SRP from December to February because winter SRP represents 

phosphorus availability before substantial uptake in the lake (Dong et al., 2012; Sutcliffe et al., 

1982). An annual mean was calculated for each variable measured. 

 

2.3.3. Phytoplankton monitoring 

Phytoplankton in Esthwaite Water was monitored on a weekly or fortnightly basis, and the 

record of cyanobacteria from 1945 to 2010 was used in the present study. A sub-sample of each 

integrated depth water sample used for chemical analysis was preserved in Lugol’s iodine and 

concentrated by sedimentation. Phytoplankton within these concentrated sub-samples were 

identified to the highest taxonomic level possible under a microscope, and their presence was 

recorded. The mean morphospecies richness of cyanobacteria was then calculated for each year. 

 

2.3.4. Sediment coring 

A HTH 90 mm diameter gravity corer (Pylonex, Sweden) was used to collect three 30 cm 

sediment cores. Prior to sampling, holes were drilled into the Perspex core tubes at 1 cm 

intervals and sealed with heavy-duty waterproof tape. All equipment was cleaned with sodium 

hypochlorite and Decon 90 cleaning agent, and thoroughly rinsed with deionised water before 

use. The three cores were collected from the deepest point of Esthwaite Water in 2016 and 

transported to a nearby laboratory managed by the FBA. To prevent contamination, sterile 

syringes were used to pierce the tape and extract sediment from the centre of each core via the 

pre-drilled holes, starting from the top of the core and working downwards. The sediment 
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samples were stored in sterile Eppendorf tubes at -20 °C prior to DNA extraction. A reference 

core, used for sediment chronology, was collected from the deepest part of Esthwaite Water in 

2014 with a gravity corer. This core was sectioned every 0.5 cm with the core extrusion kit, and 

each section was stored in sterile sample bags and then freeze-dried. 

 

2.3.5. Sediment core chronology 

The freeze-dried sediments from the reference core were radiometrically dated at the 

Environmental Radioactivity Research Centre, University of Liverpool, UK, where they were 

analysed for the radioactive isotopes, 210Pb, 226Ra, 137Cs and 241Am, by direct gamma assay 

using Ortec HPGe GWL series well-type coaxial low background intrinsic germanium detectors 

(Appleby et al., 1986, 1992). Radionuclide concentrations with depth for the reference core are 

given in Appendix A, Table S1. Chronology of the reference sediment core was estimated by 

the sedimentation rate and 210Pb dates calculated according to the CRS dating model. This 

model assumes a constant rate of supply of 210Pb to the sediment and allows for a variable 

sedimentation rate (Appleby and Oldfield, 1978). The chronology, validated using 137Cs dates 

as reference points which recorded radionuclide fallout incidents (Appleby, 2001), is presented 

in Appendix A, Table S2. Sample depths for the reference core collected in 2014 were corrected 

to 2016 using the sedimentation rate to allow for comparison with the sediment cores collected 

in 2016 (Appendix A, Table S3). The slope and intercept of the age-depth relationship as 

determined for the reference core (Appendix A, Fig. S2) was then used to estimate the age of 

each section of the three sediment cores used for DNA sequencing. Sample ages were rounded 

to the nearest calendar year, and the three sediment cores covered a combined period of 113 

years from 1903 to 2016 (Appendix A, Table S4). 
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2.3.6. DNA extraction, PCR amplification and sequencing 

DNA was extracted from the sediment core samples using the Qiagen DNeasy PowerSoil kit 

according to the manufacturer’s protocol (Qiagen, Germany). The concentration and purity of 

the extracted DNA were checked using the NanoDrop 8000 spectrophotometer (Thermo Fisher 

Scientific, MA, U.S.). The V4 region of the 16S rRNA bacterial gene was amplified with 

primers, 515F (Forward: GTGYCAGCMGCCGCGGTAA) and 806R (Reverse: 

GGACTACNVGGGTWTCTAAT) (Walters et al., 2016). Each 50 µL PCR reaction contained 

0.25 µL of 5 units µL-1 Taq DNA polymerase (Sigma-Aldrich, UK), 5 µL of 10x PCR reaction 

buffer, 0.5 µL of 20 mg mL-1 BSA (New England Biolabs, UK), 1 µL of a 10 mM dNTP mix 

(Bioline, UK), 40.05 µL of molecular grade water, 0.1 µL of the forward and reverse primers, 

and 3 µL of DNA. The PCR program was set to an initial denaturing temperature of 95 °C for 

2 min, followed by 30 cycles of 95 °C for 15 sec, an annealing temperature of 50 °C for 30 sec, 

an extension temperature of 72 °C for 30 sec, and then a final extension temperature of 72 °C 

for 10 min. Successful PCR amplification was confirmed with an agarose gel. PCR product was 

purified with the Zymo DNA clean-up kit according to the manufacturer’s protocol (Zymo 

Research, CA, U.S.). 

Second step PCR was performed using a dual-indexing approach (Kozich et al., 2013), and 50 

µL PCR reactions contained 0.25 µL Taq DNA polymerase, 5 µL PCR reaction buffer, 1 µL 

dNTPs, 37.75 µL molecular grade water, 5 µL of the indexing primers (Kozich et al., 2013), 

and 1 µL of purified PCR product from the first PCR step. The second step PCR program was 

set to an initial denaturing temperature of 95 °C for 2 min, followed by 8 cycles of 95 °C for 15 

sec, an annealing temperature of 50 °C for 30 sec, an extension temperature of 72 °C for 30 sec, 

and then a final extension temperature of 72 °C for 10 min. Successful PCR amplification from 

the second PCR step was confirmed with an agarose gel.  
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PCR product from the second PCR step was normalised using the Invitrogen SequalPrep 

normalisation kit according to the manufacturer’s protocol (Thermo Fisher Scientific, MA, 

U.S.). All samples were pooled, and the concentration of pooled DNA was quantified using the 

Invitrogen Qubit dsDNA HS assay kit with the Qubit 3.0 fluorometer. The pooled amplicon 

library was denatured with NaOH, and combined with 4% denatured PhiX. The library was 

then diluted with HT1 buffer (Illumina, CA, U.S.), heat denatured at 96 °C for 5 min and 

immediately transferred to an ice bath. The denatured library was loaded and sequenced on the 

Illumina MiSeq Platform (250PE). 

 

2.3.7. Data processing 

The sequences were quality filtered and adapters were removed using TrimGalore 

(https://github.com/FelixKrueger/TrimGalore). The resulting quality-filtered reads were 

processed with R using the DADA2 pipeline (v1.14.1, Callahan et al., 2016) generating an 

amplicon sequence variant (ASV) abundance table. Each ASV was classified using the naive 

Bayesian classifier (Wang et al., 2007) against the SILVA database (v.132, Quast et al., 2013) 

for kingdom to species assignments. The sequences were rarefied to a uniform sequencing depth 

of 19,135 reads, and filtered based on taxonomy to include only bacteria and ASVs with more 

than 10 reads. 

 

2.3.8. Data analysis 

Non-metric multidimensional scaling (NMDS) based on a beta diversity Bray-Curtis 

dissimilarity matrix was performed to visualise variation in community composition in each 

sediment core with sample age and physicochemical conditions of the lake. The envfit function 



32 
 

in the vegan R package (Oksanen et al., 2019) was used to fit vectors for these variables and 

identify which variables correlated significantly with the beta diversity dissimilarity matrix. 

Analysis of similarity (ANOSIM) with 999 permutations was used to determine the degree of 

separation between the three sediment core communities. Alpha diversity in each sample was 

calculated as the Shannon diversity index, and long-term change in diversity and richness 

measured at the ASV level throughout the sediment cores was assessed by fitting a linear model 

of these measures against year. 

To assess the ability of sedDNA to record the pelagic cyanobacterial community, ASV richness 

of cyanobacteria in the sediment was calculated and compared against morphospecies richness 

of cyanobacteria in the water column. To account for potential inaccuracies in the chronology 

of the sediment cores, the mean morphospecies richness of cyanobacteria in the water column 

was calculated for the year before, year of, and year after the corresponding sediment samples, 

and the mean ASV richness of cyanobacteria in the sediment was calculated for the three 

sediment core samples within this three-year period (Monchamp et al., 2016). As both measures 

of richness were dependent variables, a model II regression was fitted with the lmodel2 R 

package (Legendre, 2018). 

To determine whether pelagic bacteria could be detected in the sedDNA record, the sedDNA 

sequences were compared against the FreshTrain database of known pelagic taxa using NCBI 

BLAST. This database is based on 1,318 16S rRNA reference sequences of heterotrophic 

bacteria from temperate lake epilimnia (Newton et al., 2011; Rohwer et al., 2018) and is 

available at: https://github.com/McMahonLab/TaxAss. Matches were filtered at 97% identity, 

and taxonomy was assigned based on the Silva SSU v138 database available at: 

https://www.arb-silva.de/documentation/release-138. 
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ASV abundances were converted to relative abundances in each sample, and ASVs were 

grouped at the phylum level. The ten most abundant phyla were chosen for in-depth analysis. 

Generalised additive models (GAMs) were fitted for each phylum to visualise the main 

underlying patterns in relative abundance throughout the sediment cores. The GAMs were also 

used to assess the consistency of these relative abundance trends among cores. To do this, 

GAMs were fitted with a global smooth combining data for each phylum from all cores 

(assuming similar patterns of change in all three cores), and then fitted again with individual 

smooths for each core (allowing core-specific patterns). The Akaike Information Criterion 

(AIC) was then used to assess which model gave the best fit (Burnham and Anderson, 2002). 

For all GAMs, restricted maximum likelihood (REML) was used as the smoothness selection 

method. Relative abundance GAMs were fitted with error distributions from the beta family 

with a logit link which is suitable for proportion data. GAMs were also used to visualise trends 

in ASV and morphospecies cyanobacterial richness, but with error distributions from the 

gamma family with a log link which is suitable for positively skewed, non-negative data 

(Anderson et al., 2010; Simpson, 2018). Spearman’s correlation was used to investigate the 

relationship between the relative abundance of each phylum and sample age and lake 

physicochemical conditions, and the results were presented as a heat map. All data analysis was 

performed in R version 4.0.2 (R Core Team, 2020) using vegan (Oksanen et al., 2019), phyloseq 

(McMurdie and Holmes, 2013), microeco (Liu et al., 2021) and mgcv (Wood, 2020) packages. 
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2.4. Results 

2.4.1. Long-term lake monitoring record 

Over the 70-year period from 1945 to 2015, mean annual surface water temperature varied 

between 9.4 °C and 12.7 °C, and showed a general cooling trend until 1965, but then a warming 

trend to 2015 (Fig. 2.1A). Mean annual alkalinity declined from 374.7 µequiv L-1 in 1945 to 

218.3 µequiv L-1 in 1960, and then increased to 436.8 µequiv L-1 in 2015 (Fig. 2.1B). Surface 

water pH was monitored from 1974 to 2015 and was relatively consistent with a geometric 

mean pH of 7.3 ± 0.21 (SD) over this period (Fig. 2.1C). Measurements of chlorophyll a began 

in 1964, and the mean annual concentration of chlorophyll a was highly variable but generally 

decreased from 26.7 µg L-1 in 1988 to 15.2 µg L-1 in 2015, with a large peak of 36.4 µg L-1 in 

1999 (Fig. 2.1D). 

Phosphorus concentrations were measured as SRP (Fig. 2.1E), winter SRP (Fig. 2.1F) and TP 

(Fig. 2.1G). From 1945 to 1969, SRP and winter SRP were relatively low, with a mean SRP 

over this period of 1.4 ± 0.3 µg L-1 and a mean winter SRP of 2.0 ± 1.3 µg L-1. TP data were 

not available for this whole period, but the mean TP concentration was 21.8 ± 1.2 µg L-1 

between 1945 and 1947. From 1970 to 2000, mean annual SRP and winter SRP increased. SRP 

peaked at 7.7 µg L-1 in 1982 and again at 8.5 µg L-1 in 1998, while winter SRP reached a peak 

of 18.4 µg L-1 in 2000. The mean annual TP concentration also showed an increasing trend 

from 1970 and peaked at 39.4 µg L-1 in 1998. From 2001 to 2015, mean annual SRP and winter 

SRP both showed decreasing trends to 2.7 µg L-1 and 9.1 µg L-1 in 2015, respectively. The mean 

annual TP concentration also decreased over this period to 12.6 µg L-1 in 2013, the lowest 

concentration observed since monitoring began in 1945. 
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The mean annual concentration of NO3-N showed an increasing trend from 85.5 µg L-1 in 1945 

to a peak of 790.6 µg L-1 in 1984, and then declined to 338.4 µg L-1 in 2015 (Fig. 2.1H). 

Monitoring of NH4-N began in 1961, and there was a period of higher and more variable NH4-

N concentrations between 1986 and 1997, ranging between 45.9 µg L-1 and 97.3 µg L-1, 

followed by a period of relatively lower NH4-N between 1998 and 2015 when the concentration 

did not exceed 48.8 µg L-1 (Fig. 2.1I). 

Figure 2.1. Mean annual conditions in Esthwaite Water between 1945 and 2015. (A) surface 
water temperature, (B) surface water pH, (C) alkalinity, (D) chlorophyll a, (E) soluble reactive 
phosphorus (SRP), (F) winter SRP, (G) total phosphorus (TP), (H) nitrate-nitrogen (NO3-N), 
and (I) ammonium-nitrogen (NH4-N). 
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2.4.2. Bacterial community composition and diversity 

The beta diversity dissimilarity matrix was most strongly and significantly structured by sample 

age (R2 = 0.84, p < 0.001) and alkalinity (R2 = 0.47, p < 0.001) according to the permutation 

test (Fig. 2.2). Significant correlations were also identified with NO3-N, winter SRP, TP (p < 

0.01), chlorophyll a and SRP (p < 0.05) (Appendix A, Table S5). The ANOSIM R value of 0.01 

(p > 0.1) suggested a high degree of similarity between each of the three sediment core 

communities. 

Figure 2.2. Non-metric multidimensional scaling (NMDS) of Bray-Curtis community 
composition in three sediment cores. For clarity, only the strongest (R2 > 0.20) and most 
significant (p < 0.01) variables are displayed, including sample age, alkalinity, winter soluble 
reactive phosphorus (winter SRP), total phosphorus (TP) and nitrate-nitrogen (NO3-N). 
ANOSIM R and P values are shown. The red to blue gradient indicates older to more recent 
sediment samples. 

 

Shannon’s diversity and richness for the whole community were relatively consistent 

throughout each sediment core with no significant change based on the linear regression tests 

(R2 = 0.00, F1,88 = 0.01, p > 0.1 for diversity and richness) (Fig. 2.3A and B). Shannon’s 

diversity ranged between 4.3 and 6.4, and richness ranged between 138 and 1429. 
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Figure 2.3. Shannon’s diversity index (A) and richness (B) for the whole community 
throughout three sediment cores. 

 

ASV richness of cyanobacteria in the sediment cores and morphospecies richness of 

cyanobacteria in the phytoplankton record both showed increasing trends from 1945 (Fig. 

2.4A), and there was a significant and positive correlation between ASV richness and 

morphospecies richness (R2 = 0.60, F1,15 = 23.53, p < 0.001) (Fig. 2.4B). The relationship was 

close to 1:1, but ASV richness was higher compared to morphospecies richness. Mean ASV 

richness in the sediment cores ranged between 3.0 and 11.3, while mean morphospecies 

richness in the water column ranged between 1.4 and 6.2. 
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Figure 2.4. Generalised additive models (GAMs) of morphospecies richness of cyanobacteria 
in the water column and amplicon sequence variant (ASV) richness of cyanobacteria throughout 
the sediment cores (A), and correlation between morphospecies richness and ASV richness of 
cyanobacteria (B). Morphospecies richness is the running mean for three years, and ASV 
richness is the mean for three sediment core samples corresponding to the running mean. 
Dashed line shows the 1:1 relationship. Shaded area shows the 95% confidence interval. 

 

2.4.3. sedDNA record of known pelagic ASVs 

There were 23 sedDNA ASVs that were a match (> 97% identity) with known pelagic bacterial 

taxa in the FreshTrain database, and 15 of these ASVs were assigned to Proteobacteria, three 

to Bacteroidetes, three to Verrucomicrobia, and two to Actinobacteria (Appendix A, Table S6). 

These pelagic ASVs in the sedDNA record demonstrated distinct trends in relative abundance 

throughout the sediment cores, and selected ASVs which illustrate the range of trends observed 



39 
 

are presented in Fig. 2.5 (refer to Appendix A, Fig. S3 for remaining pelagic ASVs). The 

relative abundance of some pelagic ASVs increased over time, such as ASV 35 (Methylobacter 

tundripaludum) which increased from the 1930s to 2016 (Fig. 2.5A), and ASV 948 

(Ferruginibacter) which was not detected until the late 1990s, but increased throughout the 

2000s (Fig. 2.5B). Other pelagic ASVs had a distinct peak in relative abundance, such as ASV 

290 (Pseudarthrobacter) which peaked from the 1960s (Fig. 2.5C), and ASV 264 

(Terrimicrobium) which increased from 1960 to a peak in 1990, and then declined to 2016 (Fig. 

2.5D). ASV 52 (Crenothrix) showed a declining trend in relative abundance (Fig. 2.5E), 

whereas ASV 72 (Methylocystis) had a more stable relative abundance over time (Fig. 2.5F). 

Figure 2.5. Generalised additive models (GAMs) of the relative abundance of selected pelagic 
ASVs throughout three sediment cores. Shaded area shows the 95% confidence interval. Note 
the different y-axis scales. 
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2.4.4. sedDNA record of the lake bacterial community 

Bacterial phyla showed distinct trends in relative abundance throughout the sediment cores 

(Fig. 2.6). Each global (single-smoother) GAM revealed statistically significant down-core 

trends in relative abundance (p < 0.001), and associated statistics are presented in Appendix A, 

Table S7. However, the AIC comparison suggested that core-specific smooths out-performed 

the global smooths for all phyla except Cyanobacteria and Verrucomicrobia (Appendix A, 

Table S8). Core-specific trends in relative abundance were broadly similar, but with some 

variation in the size and timing of peaks for some phyla, most notably Nitrospirae which 

displayed a more linear trend in core A, but distinct peaks in cores B and C (Appendix A, Fig. 

S4-S13). For clarity, GAMs with a global smooth for all cores are presented in Fig. 2.6, and are 

discussed below. 

Proteobacteria comprised more than 25% of the community in each core section. The relative 

abundance of Proteobacteria was relatively stable between 1903 and 1950, but showed an 

increasing trend to 2016 (Fig. 2.6A). Chloroflexi made up the second largest proportion of the 

community from 1903 to 1960, but there was a consistent decline in the relative abundance of 

Chloroflexi from the 1950s to 2016 (Fig. 2.6B). The relative abundance of Firmicutes exceeded 

Chloroflexi in the 1960s, but displayed a general decreasing trend to 2016 (Fig. 2.6C). The 

relative abundance of Bacteroidetes increased from 1970, and this group made up the second 

largest proportion of the community by 1990. Bacteroidetes then showed a slight decline in 

relative abundance from 2000 to 2016 (Fig. 2.6D).  

Other phyla that were present in the sediment cores at a lower relative abundance include 

Verrucomicrobia, which increased in relative abundance from 1950, and the rate of increase 

accelerated after 2000 (Fig. 2.6). Acidobacteria showed a general decreasing trend to 2016 (Fig. 

2.6F). Cyanobacteria were at very low relative abundance (< 0.001) in the sediment until the 
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1960s (Fig. 2.6G). The relative abundance of Cyanobacteria then gradually increased to a peak 

in the 1990s before decreasing throughout the 2000s to 2016 when the relative abundance 

returned to a similar level to that in the 1960s. Nitrospirae declined between 1970 and 1990 

(Fig. 2.6H), and Spirochaetes and Planctomycetes both showed a general decreasing trend from 

1903 to 2016 (Fig. 2.6I and J). 
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Figure 2.6. Generalised additive models (GAMs) of the relative abundance of bacterial phyla 
throughout three sediment cores. Shaded area shows the 95% confidence interval. Note the 
different y-axis scales. 

 

2.4.5. Correlations between bacterial phyla and lake conditions 

Spearman’s correlation was used to investigate the relationship between the relative abundance 

of each bacterial phylum and sample age and physicochemical conditions of the lake. The 
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community could be divided into two groups based on their responses. With increasing sample 

age, the relative abundance of Proteobacteria, Verrucomicrobia, Bacteroidetes and 

Cyanobacteria significantly decreased (p < 0.001) (Fig. 2.7 and Appendix A, Table S9). 

Proteobacteria, Verrucomicrobia, Bacteroidetes and Cyanobacteria also had a significant 

positive correlation with alkalinity, surface water temperature, SRP and winter SRP (p < 0.05). 

The significant positive correlation between Cyanobacteria and SRP and winter SRP was 

relatively strong (Rs = 0.69, p < 0.001), and Cyanobacteria were the only phylum which had a 

significant and positive correlation with TP (Rs = 0.74, p < 0.001), chlorophyll a (Rs = 0.58, p 

< 0.001) and NO3-N (Rs = 0.54, p < 0.001). With increasing sample age, the relative abundance 

of Planctomycetes, Nitrospirae, Firmicutes, Acidobacteria, Spirochaetes and Chloroflexi 

significantly increased (p < 0.001), and these phyla had a significant negative correlation with 

alkalinity, surface water temperature, SRP and winter SRP (p < 0.05). However, there was some 

significant co-correlation among measures of physicochemical conditions (Appendix A, Fig. 

S14 and Table S10). 

Figure 2.7. Correlations between the bacterial community and sample age and lake 
physicochemical conditions including alkalinity, surface water temperature, soluble reactive 
phosphorus (SRP), winter SRP, total phosphorus (TP), chlorophyll a, nitrate-nitrogen (NO3-N), 
ammonium-nitrogen (NH4-N) and surface water pH. Correlations are calculated using 
Spearman’s correlation, where red shades indicate positive correlations, and blue shades 
indicate negative correlations (*** = p < 0.001, ** = p < 0.01, * = p < 0.05). 
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2.5. Discussion 

2.5.1. Eutrophication in Esthwaite Water 

The 70-year monitoring record of nutrient concentrations in Esthwaite Water suggests 

substantial eutrophication which accelerated from the 1970s with the establishment of 

wastewater treatment works and fish farming in the lake in 1973 and 1981, respectively. 

Accelerated eutrophication in Esthwaite Water from the 1970s has previously been reported 

(Bennion et al., 2000; Dong et al., 2011; Maberly et al., 2011a). Nutrient enrichment declined 

from the late 1990s, indicating that the tertiary wastewater treatment upgrade in 1986 

successfully reduced some nutrient pollution, although the response may have been delayed 

because of continued phosphorus release from sediments and catchment run-off (Dong et al., 

2011, 2012). The decreasing trend in nutrient enrichment continued following closure of the 

fish farm in 2009 and further upgrades to the wastewater treatment works in 2010. By 2015, 

the TP, SRP and NO3-N concentrations were similar to pre-1970. 

2.5.2. Consistency between sediment cores 

Three sediment cores were collected from the deepest point of the lake to investigate spatial 

heterogeneity in the sedDNA signal. Each core recorded broadly similar trends in relative 

abundance, but slight variations were observed in the core-specific trends for some phyla. This 

could be a consequence of differing age-depth relationships for each core, or indicate that there 

was some spatial heterogeneity in the community between replicate cores. Pearman et al. (2021) 

concluded that a single core could adequately record trends in dominant bacteria. Billard et al. 

(2015) also demonstrated that the bacterial community was consistent between three lake 

sediment cores taken from the same sampling site, although from the much larger Lake Bourget, 

France. However, it has been reported that the microbial diversity of the littoral zone is often 

not well-represented in central sediment cores (Anderson, 2014). A single lake sediment core 
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may therefore be sufficient to capture broad-scale temporal variation in microbial communities, 

but multiple cores may be valuable when finer-scale spatial and temporal trends are of interest. 

 

2.5.3. Effectiveness of sedDNA in describing pelagic communities 

Although we did not have a concurrent DNA-based pelagic community dataset to compare the 

sedDNA communities against, the 65-year phytoplankton monitoring record for Esthwaite 

Water offered a rare opportunity to assess the ability of sedDNA to track changes in the pelagic 

cyanobacterial community over a long period of time. The increase over time in ASV richness 

of cyanobacteria in the sediment coincided with an increase in morphospecies richness of 

cyanobacteria in the water column, suggesting that this could largely be a response to changing 

lake conditions, such as nutrient enrichment, and not only loss of cyanobacterial DNA in older 

sediments. There was a significant positive correlation between ASV richness and 

morphospecies richness, supporting the use of sedDNA as a reliable measure of pelagic 

richness. Monchamp et al. (2016) also found a significant positive correlation between 

cyanobacterial richness in the sediment and water column when comparing sedDNA with a 35-

year phytoplankton monitoring record for two temperate lakes. Similar to the present study, 

richness as determined with sedDNA was slightly higher than that determined with microscopy 

in the water column, which could be expected because observational methods typically 

underestimate diversity compared to molecular methods (Monchamp et al., 2016; Olsen et al., 

1986). 

The FreshTrain database of known pelagic bacteria based on temperate lake epilimnia was used 

to determine whether sedDNA recorded known pelagic bacteria. There were 23 pelagic ASVs 

detected in the sedDNA record, and each ASV displayed a distinct trend in relative abundance, 
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indicating that sedDNA could track the temporal dynamics of some pelagic bacteria. However, 

the 23 ASVs that were a match with the FreshTrain database were not diverse as only four 

different phyla were detected, and the majority were assigned to Proteobacteria. The number of 

known pelagic bacteria detected was a relatively small proportion of the total sedDNA 

community. This could suggest that only a proportion of the pelagic bacterial community 

deposit in the sediment, which could be expected to be mostly larger cells, or those which 

aggregate with organic material and other cells (Thupaki et al., 2013). Cells and extracellular 

DNA that are quickly adsorbed by particles and buried in sediment are better protected from 

degradation, and rates of DNA degradation are typically higher in the water column compared 

to in the sediment (Nwosu et al., 2021). Surface water inputs may therefore be underrepresented 

in the sedDNA record compared to deeper water or sediment inputs. Furthermore, the 

FreshTrain database is based on a limited number of temperate lakes, most of which are located 

in North America (Rohwer et al., 2018), and it is likely that many more ASVs with pelagic 

lifestyles from Esthwaite Water may have been recorded by sedDNA but were not present in 

the FreshTrain database. 

Differential degradation of DNA, either in the water column or during the sedimentation 

process, could limit the potential of sedDNA in palaeolimnology, but the extent of this is 

relatively unknown for bacterial DNA (Boere et al., 2011). Reduced diversity and the 

disappearance of some taxa in older sediments could indicate that DNA of certain taxa 

experience greater rates of degradation (Zhang et al., 2021a). Diversity and richness for the 

whole community were relatively consistent throughout the sediment cores, suggesting 

substantial DNA degradation was not occurring. Many bacterial phyla also displayed 

contrasting trends in relative abundance that were not consistent with universal degradation of 

sedDNA through time. However, the relative abundance of cyanobacteria was low prior to 
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1960. Pigment records for Esthwaite Water suggest that cyanobacteria have increased from the 

1800s (Moorhouse et al., 2018). Although cyanobacterial richness in the sedDNA record 

correlated significantly with that in the microscopy-based monitoring record from 1945, the 

low relative abundance of cyanobacteria in older sediments could be evidence that some post-

depositional degradation occurred. Further research is therefore required to determine rates of 

DNA degradation in lacustrine systems, and to validate cyanobacterial and bacterial sedDNA 

records over longer periods of time. 

The close agreement between cyanobacterial richness measured with sedDNA and that with 

microscopy, and the successful detection of some pelagic bacteria in the sedDNA record 

demonstrates that sedDNA has significant potential as a record of pelagic temporal dynamics. 

However, it must be considered that sedDNA may also record the temporal dynamics of the 

surface sediment community, and although heterotrophic bacterial activity is typically lower 

within lake sediments (Haglund et al., 2003), deep sediment communities could also contribute 

to the sedDNA record. These sediment bacterial communities may be less responsive to lake 

water conditions, and their distribution with depth may partly be a response to sediment 

conditions. sedDNA gives an indication of temporal bacterial community change, but further 

research is required to track the incorporation of DNA from different sources into the lake 

sediment, and to separate ancient DNA from that of metabolically active cells within the 

sediment. 

 

2.5.4. Community composition change 

The sedDNA record revealed distinct shifts in cyanobacterial and bacterial community 

composition over 113 years, and several phyla underwent marked changes in their relative 



48 
 

abundance during the period of intense eutrophication in Esthwaite Water between 1970 and 

the early 2000s. The relative abundance of cyanobacteria closely reflected changes in nutrient 

enrichment in the lake. Frequent cyanobacterial blooms have been observed during the period 

of intense eutrophication in Esthwaite Water (Dong et al., 2012), and photosynthetic pigments 

extracted from sediment cores in nearby Windermere and Blelham Tarn have also indicated an 

increase in cyanobacteria during periods of eutrophication from the 1970s (McGowan et al., 

2012; Moorhouse et al., 2014). Eutrophication is a problem for many lakes worldwide, and 

previous sedDNA records from a large number of lakes have revealed an increase in 

cyanobacteria in response to past nutrient enrichment (Domaizon et al., 2013; Ibrahim et al., 

2020; Monchamp et al., 2019; Zhang et al., 2021a). 

Proteobacteria made up the largest proportion of the community, and increased in relative 

abundance from older to more recent sediments. Proteobacteria are typically copiotrophic and 

often dominate lake bacterial communities (Newton et al., 2011). Using sedDNA, Li et al. 

(2019a) also found a substantial increase in the relative abundance of Proteobacteria with 

increasing nutrient concentrations. However, Proteobacteria continued to increase after nutrient 

concentrations declined from the 2000s. Proteobacteria had a significant positive correlation 

with surface water temperature, and the relative abundance of Proteobacteria in 

bacterioplankton communities has previously been shown to increase with water temperature 

(He et al., 2017). Increasing water temperatures from 1965 onwards may therefore have 

contributed to the sustained increase in the relative abundance of Proteobacteria, although 

separation of potential drivers is complex as there were shared long-term trends between the 

physicochemical conditions. 

The increase in the relative abundance of Bacteroidetes from 1970 to 2000 coincided with the 

period of accelerated eutrophication. Bacteroidetes have frequently been found to increase with 
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nutrient concentrations, and are a major component of the bacterioplankton community 

associated with cyanobacterial blooms (De Figueiredo et al., 2007; Guedes et al., 2018). Many 

members of Bacteroidetes are chemoorganotrophs capable of metabolising the complex 

extracellular polysaccharides produced by cyanobacteria, and so Bacteroidetes play an 

important role in carbon and nitrogen cycling in lakes (Cai et al., 2014). Similarly, 

Verrucomicrobia have previously been found in association with cyanobacterial blooms in 

eutrophic lakes and can metabolise complex polysaccharides (Cardman et al., 2014; Kiersztyn 

et al., 2019). Accelerated nutrient enrichment and a higher abundance of cyanobacteria may 

therefore have facilitated the increase in the relative abundance of Verrucomicrobia. 

Other bacterial phyla declined over the period of accelerated eutrophication, such as Nitrospirae 

which dropped in relative abundance between 1970 and 1990 when nutrient concentrations 

were highest. Previous studies have also found that the relative abundance of Nitrospirae 

declined with increasing phosphorus (Liu et al., 2020; Xiong et al., 2012) and NH4-N 

concentrations (Sun et al., 2020). Chloroflexi were relatively abundant from the 1900s but 

consistently declined over time. Increased turbidity of water during eutrophication and 

cyanobacterial blooms may reduce light availability in the water column for photosynthetic 

members of Chloroflexi (Chen et al., 2015). The relative abundance of Acidobacteria also 

declined over time. Acidobacteria have previously been described as oligotrophic taxa (Huang 

et al., 2017), and many species have a preference for acidic environments (Xiong et al., 2012). 

At the deepest point, Esthwaite Water had a stable mean surface water pH of 7.3 ± 0.21. The 

neutral pH combined with nutrient enrichment may not have been optimal for the growth of 

Acidobacteria. Firmicutes form resistant endospores (Wunderlin et al., 2014), so the DNA of 

Firmicutes could be expected to be preserved more efficiently in the sediment compared to 

other bacterial phyla. However, the relative abundance of Firmicutes was not substantially 
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higher in older sediments compared to other phyla, and this provides further evidence that DNA 

did not undergo significant differential degradation. 

Planctomycetes and Spirochaetes were present at a relatively low abundance, each making up 

less than 0.4% of the bacterial community, and declined over time. Planctomycetes are usually 

present in lakes at a low relative abundance, and have slow growth rates and a delayed response 

to increased nutrient supply (Pollet et al., 2014). Previous studies have also found that 

Spirochaetes decreased with nutrient enrichment (Liu et al., 2014; Wan et al., 2017). However, 

many species of Spirochaetes are parasitic, and their abundance may also be related to the 

population dynamics of other organisms (Sitnikova et al., 2002). 

Our results clearly demonstrate the potential for using sedDNA to make historical inferences 

of microbial community change. However, we acknowledge that, due to sediment accumulation 

rates, this technique is likely limited in its ability to discern intra-annual change, and short-term 

species turnover in response to environmental forcing. Furthermore, it is challenging to 

demonstrate causal linkages between environmental drivers and community change, given the 

inherent multi-dimensionality of lake ecosystem change. Physicochemical drivers, which may 

act on bacterial community composition, are, at these timescales, highly collinear. Here, we 

have adopted a correlative approach as a means of tentatively suggesting potential drivers of 

past change. While it is a commonly used metric, the use of relative abundance in 

palaeolimnology can obscure temporal trends due to different groups showing reciprocal 

responses, potentially due to differential DNA degradation. Future studies should therefore aim 

to quantify absolute abundances of taxa for more accurate reconstructions of community 

responses. 
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2.5.5. Recovery from eutrophication 

Following the period of accelerated eutrophication from the 1970s, the relative abundance of 

cyanobacteria declined and returned to pre-1970 levels by 2016. The sedimentary record of 

cyanobacterial pigments in Esthwaite Water may also indicate some early signs of recovery 

from the 2000s (Moorhouse et al., 2018). Bacteroidetes, which increased over the period of 

accelerated eutrophication, began to decline from the 2000s, and Nitrospirae, which decreased 

over this period, showed a slight increase in relative abundance from the 2000s. This could 

indicate that the bacterial community has begun to gradually recover from intense 

eutrophication. However, although cyanobacteria declined relatively quickly, the relative 

abundance of other phyla such as Bacteroidetes remained higher in 2016 compared to pre-1970. 

Eutrophication and frequent blooms of cyanobacteria may have altered long-term functioning 

of the ecosystem, and cyanobacterial-derived polysaccharides could remain in the lake which 

other phyla such as Bacteroidetes and Verrucomicrobia may continue to metabolise. Climate 

warming could also delay complete recovery, as cyanobacteria and each bacterial phylum had 

a significant correlation with surface water temperature which has shown an increasing trend 

since 1965. The abundance of cyanobacteria has previously been found to increase with 

warming temperatures (Domaizon et al., 2013; Monchamp et al., 2018), and climate warming 

combined with eutrophication has been predicted to increase the frequency of cyanobacterial 

blooms in Esthwaite Water in the future (Elliot, 2010). 

 

2.5.6. Conclusions 

Our results have shown that lake sedDNA can be used to infer past changes in cyanobacterial 

and bacterial community composition. The sedDNA record was validated by long-term 

monitoring of cyanobacterial richness in the water column, and successfully tracked some 
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bacterial pelagic history. sedDNA recorded a substantial increase in cyanobacterial relative 

abundance during the period of intense eutrophication from the 1970s, and this was 

accompanied by shifts in bacterial community composition in response to changing 

physicochemical conditions of the lake. Lake restoration efforts appear to have been partially 

effective, as the relative abundance of cyanobacteria declined with reductions in nutrient 

enrichment. However, intense eutrophication and the increase in cyanobacteria may have 

substantially changed long-term ecosystem functioning, and climate warming could delay 

complete recovery of the lake. These changes in bacterial community composition could have 

implications for the role of lakes in carbon and nitrogen cycling. We have demonstrated the 

significant potential of bacterial sedDNA in palaeolimnology, but further studies are required 

to identify the proportion of pelagic, benthic and sediment inputs, the taphonomic processes 

each source may be subject to, and the length of time over which sedDNA can act as a reliable 

record of lake microbial community dynamics.  
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Chapter 3: Evaluating the use of lake sedimentary DNA in 

palaeolimnology: A comparison with long-term microscopy-based 

monitoring of the phytoplankton community 

This chapter is under review in Molecular Ecology Resources as: Thorpe, A. C., Mackay, E. 
B., Goodall, T., Bendle, J. A., Thackeray, S. J., Maberly, S. C. and Read, D. S. (2023) 
Evaluating the use of lake sedimentary DNA in palaeolimnology: A comparison with long-term 
microscopy-based monitoring of the phytoplankton community. A pre-print is available at: 
https://doi.org/10.22541/au.167819405.56988284/v1.  
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3.1. Abstract 

Palaeolimnological records provide valuable information about how phytoplankton respond to 

long-term drivers of environmental change. Traditional palaeolimnological tools such as 

microfossils and pigments are restricted to taxa that leave sub-fossil remains, and a method that 

can be applied to the wider community is required. Sedimentary DNA (sedDNA), extracted 

from lake sediment cores, shows promise in palaeolimnology, but validation against data from 

long-term monitoring of lake water is necessary to enable its development as a reliable record 

of past phytoplankton communities. To address this need, 18S rRNA gene amplicon sequencing 

was carried out on lake sediments from a core collected from Esthwaite Water (English Lake 

District) spanning ~105 years. This sedDNA record was compared with concurrent long-term 

microscopy-based monitoring of phytoplankton in the surface water. Broadly comparable 

trends were observed between the datasets, with respect to the diversity and relative abundance 

and occurrence of chlorophytes, dinoflagellates, ochrophytes and bacillariophytes. Up to 20% 

of genera were successfully captured using both methods, and sedDNA revealed a previously 

undetected community of phytoplankton. These results suggest that sedDNA can be used as an 

effective record of past phytoplankton communities, at least over timescales of less than 100 

years. However, a substantial proportion of genera identified by microscopy were not detected 

using sedDNA, highlighting the current limitations of the technique that require further 

development such as reference database coverage. The taphonomic processes which may affect 

its reliability, such as the extent and rate of deposition and DNA degradation, also require 

further research. 
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3.2. Introduction 

Phytoplankton play a vital role in lake ecosystems as primary producers at the base of aquatic 

food webs. Changes in their community composition in response to environmental change can 

have extensive ecological and biogeochemical implications (Litchman et al., 2015). Many lakes 

worldwide are experiencing rapid rates of change in response to multiple interacting stressors, 

but our understanding of how phytoplankton communities respond is limited (Carpenter et al., 

2011; Heino et al., 2009). Multi-decadal records of phytoplankton communities can enable us 

to understand how they have responded to past environmental change and provide insight into 

how they may respond in the future (Willis et al., 2010). 

Detailed long-term monitoring of the phytoplankton community is restricted to a relatively 

small number of well-studied lakes (Burlakova et al., 2018; Hampton et al., 2008). Where long-

term monitoring records are not available, a range of proxies can be used to produce historical 

records of the phytoplankton community, such as microfossils and pigments extracted from 

lake sediment cores (Davidson and Jeppesen, 2013). Microfossil analysis is a widely used 

technique but is limited to organisms with well-preserved and morphologically distinct remains, 

such as diatom frustules (Hembrow et al., 2014; Leira, 2005) and the resting cysts produced by 

some dinoflagellates (Drljepan et al., 2014). Photosynthetic pigments can provide a record of 

eukaryotic algal and cyanobacterial community composition, abundance, and primary 

productivity (Griffiths et al., 2022; Kpodonu et al., 2016; Makri et al., 2019; Watanabe et al., 

2012), but many pigments are not specific enough to enable taxonomic identification beyond 

the class level (Gong et al., 2020). These limitations of traditional palaeolimnological 

techniques highlight the need for complementary and improved methods which can be applied 

to a wider diversity of organisms, such as sedimentary DNA (sedDNA). 
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sedDNA is a promising palaeolimnological approach which can be used to reconstruct past 

communities using DNA preserved within lake sediment cores (Edwards, 2020). DNA from 

living organisms is deposited in the lake sediment, where it is preserved and progressively 

buried over time. This DNA can then be extracted from layers of a sediment core and sequenced 

to produce a temporal record of lake communities (Capo et al., 2021; Thorpe et al., 2022). 

sedDNA offers many potential benefits compared to traditional palaeolimnological techniques. 

For example, a relatively high taxonomic resolution can be achieved, and high-throughput 

amplicon sequencing can process many hundreds or even thousands of samples relatively 

quickly (Bohmann et al., 2022; Gong et al., 2020; Mejbel et al., 2021). A wider diversity of 

organisms can be studied using sedDNA, including those previously overlooked with 

microfossil analysis due to a lack of well-preserved and morphologically distinct remains 

(Domaizon et al., 2017). The applicability of sedDNA to the wider community, including 

eukaryotic algae (Capo et al., 2016), bacteria (Thorpe et al., 2022), zooplankton (Tsugeki et al., 

2022) and macrophytes (Stoof-Leichsenring et al., 2022) allows a more complete 

reconstruction of ecosystem structure which may, in turn, facilitate inferences on past trophic 

interactions (Barouillet et al., 2022; Ellegaard et al., 2020). 

sedDNA is becoming more widely used in palaeolimnology, but there are currently some 

uncertainties surrounding the deposition and taphonomy of DNA in lakes (Capo et al., 2021; 

2022). The extent and rate of DNA degradation may vary among taxa and depend upon the state 

in which DNA is deposited. For example, intracellular DNA or DNA bound to mineral particles 

is typically better protected from degradation processes, such as oxidation, hydrolysis, and 

bacterial degradation than free extracellular DNA (Giguet-Covex et al., 2019; Mauvisseau et 

al., 2022). The depositional and degradational processes DNA is subject to could affect the 

ability of sedDNA to provide a reliable record of past phytoplankton communities. Although 
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sedDNA has previously been found to be broadly comparable with records from diatom 

frustules (Anslan et al., 2022) and photosynthetic pigments (Picard et al., 2022a; Tse et al., 

2018), these traditional palaeolimnological tools are also subject to pre- and post-depositional 

losses and subsequent biases. Validation of sedDNA against long-term monitoring of 

phytoplankton in the water column is therefore needed to further the development of sedDNA 

as a reliable and robust record of past microbial communities. 

To address this need, we analyse and compare sedDNA and water column phytoplankton data 

from Esthwaite Water, a relatively small lake in the English Lake District which has 

experienced well-documented changes in human activity and has undergone substantial 

eutrophication in recent decades (Dong et al., 2011; Maberly et al., 2011a). Lake 

physicochemical conditions and the phytoplankton community have been continually 

monitored since 1945, providing a detailed record against which palaeolimnological records 

can be compared and validated. Esthwaite Water has been the site of several studies 

investigating seasonal trends in phytoplankton communities in the water column (Feuchtmayr 

et al., 2012; Talling and Heaney, 2015), and palaeolimnological studies of the bacterial and 

cyanobacterial community as measured by sedDNA (Thorpe et al., 2022), and the microbial 

eukaryotic community as measured with photosynthetic pigments (Moorhouse et al., 2018) and 

diatom frustules (Bennion et al., 2000; Dong et al., 2011, 2012). Our study, which combines 

concurrent microscopy-based monitoring and sedDNA records, is therefore uniquely placed to 

determine whether sedDNA is a reliable tool for reconstruction of past trends in phytoplankton 

community composition. 
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3.3. Materials and methods 

3.3.1. Study site 

Esthwaite Water (54° 21.56′ N, 2° 59.15′ W) is located within the Lake District National Park, 

Cumbria, UK (Appendix A, Fig S1), and has a catchment area of 17 km2, surface area of 0.96 

km2, and mean and maximum depths of 6.9 m and 16 m, respectively (Maberly et al., 2011a; 

Mackay et al., 2012). Human activities in Esthwaite Water and its catchment, including 

construction of wastewater treatment works in 1973 and fish farming between 1983 and 2009, 

led to this lake becoming one of the most eutrophic lakes in the Lake District (Dong et al., 2011; 

Maberly et al., 2011a). 

 

3.3.2. Long-term environmental monitoring record 

Physiochemical conditions in Esthwaite Water have been continuously monitored on a weekly 

to fortnightly basis from 1945 by the Freshwater Biological Association (FBA), and then from 

1989 by the UK Centre for Ecology & Hydrology (UKCEH). Measurements and depth 

integrated surface water samples (0-5 m) were collected from the deepest point of Esthwaite 

Water, including surface water temperature, pH and alkalinity, and the concentration of total 

phosphorus (TP), soluble reactive phosphorus (SRP), nitrate-nitrogen (NO3-N), ammonium-

nitrogen (NH4-N) and chlorophyll a (Chl a). Winter SRP was calculated as the mean SRP from 

December to February. The full dataset is available at: https://doi.org/10.5285/87360d1a-85d9-

4a4e-b9ac-e315977a52d3 (Maberly et al., 2017), and annual means for these variables have 

previously been described (Thorpe et al., 2022). 
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3.3.3. Long-term phytoplankton microscopy record 

Sub-samples of the surface water samples collected for physiochemical analysis between 1945 

and 2010 were used to monitor the phytoplankton community at weekly to fortnightly intervals. 

These sub-samples were preserved with Lugol’s iodine, concentrated by sedimentation, and 

then placed in a counting chamber under a microscope for identification and enumeration. Cells 

were counted within a sedimentation chamber until 1994, after which a Lund chamber was used 

for enumeration. Phytoplankton were identified to species level where possible, and quantified 

as the number of cells, colonies, or filaments per mL of lake water. 

 

3.3.4. Sediment coring 

A sediment core was collected from the deepest point of Esthwaite Water using a HTH 9 cm 

diameter gravity corer (Pylonex, Sweden) in August 2021. Coring equipment was thoroughly 

sterilised with ethanol and rinsed with deionised water three times before use. After collection, 

the 35 cm long sediment core remained intact within the sealed Perspex core tube and was kept 

upright on ice in a large cool box in the field and during transportation to UKCEH, Wallingford, 

where it was stored at 4 °C in the dark prior to sectioning. 

The sediment core was sectioned in 1 cm intervals using the extruding device (Pylonex, 

Sweden), beginning with recent sediment at the top and working downwards. Each 1 cm 

sediment section was pushed out the top of the core tube directly into a sterile petri dish of the 

same diameter to minimise contact with the air. A broad stainless-steel blade was used to cut 

between the core tube and the petri dish containing the extruded sediment section, which was 

then sealed with a lid and secured with parafilm. The blade was sterilised with bleach and 

ethanol and rinsed with deionised water between each section. Clean lab coats, gloves and 
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masks were worn when handling the sediment core to minimise contamination risk. Each 

sediment core section was then sub-sampled in a UV-sterilised laminar flow cabinet. Using a 

sterilised spatula, a small amount of undisturbed sediment from the centre of each section which 

did not come into contact with the blade or core tube was transferred to a sterile Eppendorf tube 

for storage at -20 °C prior to DNA extraction. 

 

3.3.5. Sediment core chronology 

The chronology of the sediment core was estimated using the age-depth relationship of a 

separate reference core collected from the same location within Esthwaite Water in 2014 as 

described by Thorpe et al. (2022). Sample depths for the reference core were corrected to 2021 

assuming a constant sedimentation rate (Appendix B, Table S1), and the slope and intercept of 

the age-depth relationship were then used to estimate the age of each sediment core section 

(Appendix B, Table S2). The full length of the 35 cm sediment core was estimated to cover 105 

years from 1916 to the date of collection in 2021. 

To evaluate whether the reference core chronology was accurately aligned with the 2021 core, 

16S rRNA gene amplicon sequencing was carried out on sediments from the core and compared 

with the bacterial sedDNA record obtained from cores collected from the same location within 

Esthwaite Water in 2016 (Thorpe et al., 2022). Temporal trends in the relative abundance of 

the dominant bacterial groups were closely aligned between the two bacterial sedDNA records, 

supporting the use of the estimated chronology (refer to Appendix B, Fig. S1 for a detailed 

comparison). 

 



61 
 

3.3.6. DNA extraction, PCR amplification and 18S rRNA gene sequencing 

DNA was extracted from 0.25 g of each sediment core sample using the Qiagen DNeasy 

PowerSoil Pro extraction kit (Qiagen, Germany) according to the manufacturer’s protocol. 

DNA extractions were performed in small batches in a random order to minimise bias. A Qiagen 

PowerBead tube containing no sample material was included in every other batch of extractions 

as a negative control. The concentration and purity of each DNA sample were checked on the 

NanoDrop 8000 spectrophotometer (Thermo Fisher Scientific, MA, U.S.). Extracted DNA 

samples were stored at -20 °C. 

The V4-V5 region of the 18S rRNA gene was amplified with universal forward and reverse 

eukaryotic primers, NSF563 (5’-CGCGGTAATTCCAGCTCCA-3’) and NSR951 (5’-

TTGGYRAATGCTTTCGC-3’) (Mangot et al., 2012). Each 50 µL PCR mix contained 0.5 µL 

of 2000 units mL-1 Q5 High-Fidelity DNA polymerase, 10 µL of 5x reaction buffer, 10 µL of 

5x high GC enhancer (New England Biolabs, UK), 1 µL of a 10 mM dNTP mix (Bioline, UK), 

26.3 µL of molecular grade water, 0.1 µL of each 100 μM forward and reverse primer, and 2 

µL of DNA. Negative controls containing the PCR mix but no DNA were included. The PCR 

program was set to an initial denaturing temperature of 94 °C for 5 min, followed by 30 cycles 

of 94 °C for 30 sec, an annealing temperature of 60 °C for 30 sec, an extension temperature of 

72 °C for 30 sec, and then a final extension temperature of 72 °C for 10 min. Successful PCR 

amplification was confirmed with an agarose gel. PCR product was purified with the Millipore 

multiscreen PCR filter plate kit according to the manufacturer’s protocol (Merck Millipore, 

MA, U.S.), resulting in purified PCR product eluted in 35 µL of molecular grade water. 

Second step PCR was performed using a dual-indexing approach (Kozich et al., 2013), and 25 

µL reactions contained 0.25 µL of Q5 DNA polymerase, 5 µL of reaction buffer, 5 µL of high 

GC enhancer, 0.5 µL of dNTPs, 7.25 µL of molecular grade water, 5 µL of the indexing primers 
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(Kozich et al., 2013), and 2 µL of purified PCR product from the first PCR step. The second 

step PCR program was set to an initial denaturing temperature of 95 °C for 2 min, followed by 

8 cycles of 95 °C for 15 sec, an annealing temperature of 50 °C for 30 sec, an extension 

temperature of 72 °C for 30 sec, and then a final extension temperature of 72 °C for 10 min. 

Successful PCR amplification from the second PCR step was confirmed with an agarose gel. 

PCR product from the second PCR step was normalised using the Invitrogen SequalPrep 

normalisation kit according to the manufacturer’s protocol (Thermo Fisher Scientific, MA, 

U.S.), resulting in 1-2 ng µL-1 of DNA per sample. Samples were pooled, gel-extracted using 

the Qiagen MinElute gel extraction kit according to the manufacturer's protocol, and the 

purified DNA concentration was quantified using the Invitrogen Qubit dsDNA high-sensitivity 

assay kit with the Qubit 3.0 fluorometer. The amplicon library was denatured with NaOH, 

neutralised with HCl, combined with 10% denatured PhiX, and then diluted with HT1 buffer 

(Illumina, CA, U.S.). The library was heat denatured at 96 °C for 2 min and immediately 

transferred to an ice bath prior to sequencing on the Illumina MiSeq Platform with a 500-cycle 

v2 MiSeq reagent kit. 

 

3.3.7. Sequence data processing 

The DADA2 pipeline was implemented to process the sequences (Callahan et al., 2016). 

Primers were trimmed, and reads were truncated where the quality score fell below Q30. The 

quality-filtered forward and reverse reads were merged, and an amplicon sequence variant 

(ASV) abundance table was generated. Taxonomy was assigned to each exact ASV using the 

naive Bayesian classifier (Wang et al., 2007) against the PR2 database v4.14.0 (Guillou et al., 
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2013). The sequences were rarefied to a uniform sequencing depth of 14,936 reads and two 

samples that did not meet the rarefaction depth were excluded. 

ASV abundance was converted to relative abundance, and ASVs were filtered according to 

taxonomy to remove those unidentified at the phylum level. Heterotrophic groups that were 

outside of the scope of the microscopy-based monitoring record were excluded from analysis. 

Chlorophytes, dinoflagellates, ochrophytes and bacillariophytes were well-represented in both 

the microscopy and 18S rRNA sedDNA records and were therefore included for in-depth 

analysis. 

 

3.3.8. Data analysis 

Many reference databases use their own taxonomic nomenclature which can lead to conflicting 

taxonomy assignments when comparing multiple datasets (Canino et al., 2021). To allow for 

comparisons between the microscopy and sedDNA records, taxonomy was homogenised using 

Phytool v2 (Canino et al., 2021) which is based on the taxonomic classifications used in 

AlgaeBase (Guiry and Guiry, 2022). This ensured that taxa in both records were classified 

according to the same taxonomic nomenclature and names were updated to the current 

taxonomically accepted name. 

To account for potential inaccuracies in species identification, taxa in both records were 

grouped at the genus level. As the counting method sometimes varied by size or form (e.g., 

single cell, colony, or filament), the microscopy-based counts were converted to a binary 

presence-absence value for each genus on each sampling occasion. The total number of 

sampling occasions on which each genus was observed was calculated for each year as a 
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measure of occurrence, and then normalised to the number of sampling occasions per year to 

account for variable sampling effort. 

Non-metric multidimensional scaling (NMDS) was performed based on a beta diversity Bray-

Curtis dissimilarity matrix of genus relative abundance as measured using sedDNA and genus 

occurrence as measured by microscopy from 1945 to 2010. Correlations between each 

dissimilarity matrix and lake physicochemical conditions were assessed with a permutation test 

and fitted to the ordination space using the vegan R package v2.6-2 (Oksanen et al., 2019). The 

vegan package was also used to calculate Shannon’s alpha diversity at the genus level in both 

records. Generalised additive models (GAMs) with Gamma error distributions and a log link 

were fitted to the temporal trend in alpha diversity using the mgcv R package v1.8-40 (Wood, 

2020). As there was not a sediment sample corresponding to each year of the microscopy-based 

monitoring record, annual values of alpha diversity from 1945 to 2010 as measured by sedDNA 

were estimated using the GAM fitted to the temporal trend. These GAM-estimated annual 

values were then correlated with GAM-estimated annual values of alpha diversity as measured 

by microscopy using a model II regression with the lmodel2 R package v1.7-2 (Legendre et al., 

2018). 

GAMs were fitted to the temporal trends in phylum relative abundance as measured by sedDNA 

using Beta error distributions with a logit link, which is suitable for proportion data. For the 

trends in phylum occurrence as measured by microscopy, GAMs were fitted using Gamma error 

distributions with a log link, which is suitable for positively skewed, non-negative data 

(Anderson et al., 2010; Simpson, 2018). Restricted maximum likelihood (REML) was used as 

the smoothness selection method for all GAMs (Simpson, 2018). Annual values of relative 

abundance from 1945 to 2010 were estimated using the GAM fitted to the temporal trend and 

correlated with the GAM-estimated annual values of occurrence using a model II regression. 
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For each phylum, Venn diagrams were used to illustrate which genera were uniquely detected 

using sedDNA, which were uniquely detected by microscopy, and which were detected in both 

records. Venn diagrams were produced with the eulerr R package v7.0.0 (Larsson, 2022), and 

all data analysis was performed in R v4.2.1 (R Core Team, 2022). 

 

3.4. Results 

3.4.1. Beta diversity 

The NMDS of the Bray-Curtis dissimilarity matrix based on beta diversity as measured by 

sedDNA and microscopy both displayed a similar trajectory of community change from older 

to more recent samples (Fig. 3.1A and B). Pre-1981 sediment core samples were positioned on 

the left side of the ordination space, and post-1982 samples were on the right. More recent 

sediment core samples from 1997 to 2010 were closely clustered in the bottom right quadrant 

(Fig. 3.1A). Water samples collected for microscopic analysis prior to 1978 were positioned on 

the left half of the ordination space, and those collected after 1979 were positioned on the right 

with more recent samples from 1994 to 2010 in the bottom quadrant (Fig. 3.1B). The lake 

physiochemical conditions that correlated significantly with the sedDNA dissimilarity matrix 

included alkalinity, SRP, and pH (p < 0.05) with R2 values of 0.53, 0.50 and 0.44, respectively. 

The microscopy dissimilarity matrix also correlated significantly with alkalinity (p < 0.001) 

and SRP (p < 0.05), in addition to NH4-N (p < 0.01), NO3-N, and TP (p < 0.05), with R2 values 

of 0.61, 0.23, 0.31, 0.19 and 0.25, respectively. Mean annual trends in lake physiochemical 

conditions are presented in Appendix B, Fig. S2, and statistics for the correlations between 

these conditions and the dissimilarity matrices are provided in Appendix B, Table S3. 
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Figure 3.1. NMDS of a Bray-Curtis dissimilarity matrix based on beta diversity as measured 
by sedDNA (A) and microscopy (B) from 1945 to 2010. The red to blue gradient indicates older 
to more recent samples. Vectors for sample year and the lake physiochemical conditions that 
correlated with each dissimilarity matrix are fitted. Vector length is proportional to the strength 
of the correlation. *** = p < 0.001, ** = p < 0.01, * = p < 0.05. NMDS stress values are shown. 

 

3.4.2. Alpha diversity 

Shannon’s diversity index at the genus level was used as a measure of alpha diversity 

throughout the sedDNA and microscopy records. Both records displayed a general increasing 

trend in alpha diversity from the 1970s which began to plateau from the 1990s (Fig. 3.2). 
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Diversity in the most recent sediment core section was 2.75, which was similar to that in the 

oldest section with a diversity of 2.50. Alpha diversity as measured by sedDNA ranged between 

1.47 and 2.76, and was consistently lower than that measured by microscopy, which ranged 

between 2.43 and 3.92. There was a significant positive correlation between the sedDNA and 

microscopy GAM-estimated annual values of alpha diversity between 1945 and 2010 with an r 

value of 0.75 (F1,64 = 81.45, standard error = 0.19, p < 0.001). 

Figure 3.2. GAMs fitted to the trend in Shannon’s genus diversity as measured by sedDNA 
(blue) and microscopy (red). Shaded areas show the 95% confidence intervals. 

 

3.4.3. Temporal trends in community composition 

Chlorophytes, dinoflagellates, ochrophytes and bacillariophytes were well-represented in both 

the sedDNA and microscopy records (Fig. 3.3A-D). Generally, data derived from sedDNA and 

microscopy showed broadly similar long-term trends for these phyla, but with some differences 

in the exact timing of the onset of change. Of these dominant phyla, chlorophytes and 

dinoflagellates made up the largest proportion of the sedDNA community. Chlorophytes were 
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initially present in the sedDNA record with a relative abundance between 0.03 and 0.10 from 

1916 to 1994. Their relative abundance then increased abruptly to between 0.20 and 0.27 in 

more recent samples from 1997 to 2021. In the microscopy-based monitoring record, 

chlorophytes had a low occurrence initially, but increased sharply from the 1980s to become 

the group with the highest occurrence (Fig. 3.3A). 

In the sedDNA record, dinoflagellates had a relative abundance of less than 0.01 until 1970. 

Their relative abundance then increased to two distinct peaks in 1980 when they reached a 

relative abundance of 0.17, and in 2000 when they reached a relative abundance of 0.25. 

Dinoflagellates in the microscopy record had three main peaks in 1967, 1986 and 2002 when 

they reached an occurrence of 2.35, 2.67 and 2.92, respectively (Fig. 3.3B). 

The relative abundance of ochrophytes in the sedDNA record was below 0.006 and relatively 

stable until the 1980s when there was a slight increasing trend to the 2000s. The occurrence of 

ochrophytes in the microscopy record remained below 1.00 until 1983, but then increased 

throughout the 1980s and 1990s to their highest occurrence of 4.08 in 2001 (Fig. 3.3C). 

Bacillariophytes had the lowest relative abundance of the four phyla analysed in the sedDNA 

record which was consistently below 0.003. There was a general increasing trend in the relative 

abundance of bacillariophytes from the 1970s, although there was some scatter around this 

trend. In the microscopy record, bacillariophytes displayed a slight decreasing trend to the 

1980s, and then increased to a period of higher occurrence from the 1990s. Bacillariophytes 

had the highest occurrence of any phylum in the microscopy record until 1980, after which the 

only phylum with a higher occurrence were chlorophytes (Fig. 3.3D). 

There was a significant positive correlation between the sedDNA and microscopy GAM trends 

for all four phyla (p < 0.001). The correlation between the two records was strongest for 
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ochrophytes, with an r value of 0.93, followed by 0.76 for chlorophytes and bacillariophytes, 

and 0.75 for dinoflagellates (Fig. 3.3A-D). All GAM trends for each dataset were significant (p 

< 0.01), and statistics associated with the GAMs are provided in Appendix B, Table S4 and S5. 

Charophytes, cryptophytes and haptophytes were also recorded by microscopy. However, 

charophytes and haptophytes were only detected with a relative abundance greater than 0.001 

in three sediment core samples, and cryptophytes were absent from the sedDNA record. The 

GAM-fitted trends in occurrence as measured by microscopy for charophytes, cryptophytes and 

haptophytes are presented in Appendix B, Fig. S3. 
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Figure 3.3. GAMs fitted to the trend in relative abundance as measured by sedDNA and 
occurrence relative to sampling frequency as measured by microscopy for chlorophytes (A), 
dinoflagellates (B), ochrophytes (C), and bacillariophytes (D). For each phylum, r values and 
significance levels are shown for the correlation between sedDNA and microscopy GAM-
estimated annual values from 1945 to 2010. Shaded areas show the 95% confidence intervals. 
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3.4.4. Shared and unique genera 

Across the four main phyla studied, a total of 215 genera were identified with both sedDNA 

and microscopy. Of these genera, 113 (52.6%) were uniquely detected by microscopy, 66 

(30.7%) were uniquely detected by sedDNA, and 36 (16.7%) were detected in both the sedDNA 

and microscopy records (Fig. 3.4 A-D). More chlorophyte, ochrophyte and bacillariophyte 

genera were detected by microscopy compared to sedDNA, whereas more dinoflagellate genera 

were detected by sedDNA. 

The majority of genera detected by each method were chlorophytes. There was a total of 128 

chlorophyte genera detected by both methods combined, and almost half of these (65 genera) 

were only detected by microscopy. sedDNA uniquely detected 38 chlorophyte genera, and 25 

genera were detected by both methods (Fig. 3.4A). 

Only 4 dinoflagellate genera were uniquely detected by microscopy (Chimonodinium, 

Glenodiniopsis, Glenodinium and Gyrodinium). sedDNA uniquely detected 16 dinoflagellate 

genera, and a further 4 genera (Ceratium, Gymnodinium and Peridinium) were detected in both 

the sedDNA and microscopy records (Fig. 3.4B). 

Microscopy uniquely detected 21 ochrophyte genera, and 8 genera within this phylum were 

unique to the sedDNA record. In addition to these, 4 genera (Dinobryon, Mallomonas, 

Ochromonas and Uroglena) were detected with both methods (Fig. 3.4C). 

sedDNA detected a total of 8 bacillariophyte genera, 4 of these were uniquely detected by 

sedDNA (Staurosira, Opephora, Planothidium and Staurosirella), and 4 were detected with 

both methods (Aulacoseira, Diatoma, Discostella and Stephanodiscus). In addition to these 

shared bacillariophyte genera, a further 23 genera were uniquely detected in the microscopy 

record (Fig. 3.4D). 
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Outside of these four phyla, microscopy also detected 15 charophyte genera, 5 cryptophyte 

genera and 1 haptophyte genus. sedDNA only detected 3 charophyte genera, 2 of which were 

also detected by microscopy. 

A total of 669 phytoplankton ASVs were detected in the sedDNA record, and 410 (61%) of 

these ASVs were grouped into 105 genera. However, 259 phytoplankton ASVs (39%) had no 

definitive taxonomic assignment at the genus level, including 108 unassigned chlorophyte 

ASVs, 109 unassigned dinoflagellate ASVs, 35 unassigned ochrophyte ASVs, 4 unassigned 

bacillariophyte ASVs and 3 unassigned haptophyte ASVs. Within the microscopy-based 

monitoring record, there were 928 phytoplankton records, and 407 (44%) of these records were 

grouped into 170 genera. The remaining 521 records (56%) could not be identified to the genus 

level. This included 16 records of unassigned chlorophytes, 1 record of an unassigned 

dinoflagellate, 3 records of unassigned ochrophytes, 500 records of unassigned bacillariophytes 

and 1 record of an unassigned charophyte. 
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Figure 3.4. Shared and unique chlorophyte (A), dinoflagellate (B), ochrophyte (C), and 
bacillariophyte (D) genera detected by sedDNA and microscopy. * indicates genera detected 
by sedDNA outside of the 1945-2010 period covered by the microscopy record. 
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3.5. Discussion 

Here, we have compared a sedDNA record with long-term microscopy-based monitoring to 

determine whether sedDNA can be used to reliably reconstruct past phytoplankton 

communities. Temporal trends in diversity and relative abundance and occurrence at the 

phylum level were broadly comparable between the sedDNA and microscopy records, but with 

some difference observed in the timing of the onset of community change. Each method 

detected a distinct composition of genera, with a small proportion of genera detected by both 

methods. 

 

3.5.1. Data considerations 

Differences between the sedDNA and microscopy records may arise from the way the data are 

collected, and this must be considered when comparing the two temporal records. For example, 

changes and improvements to the methods used throughout long-term monitoring schemes are 

to be expected. In the present study, the type of counting chamber used to produce the 

microscopy record changed from a sedimentation chamber to a Lund chamber in 1994. The 

way counts were recorded also varied throughout the monitoring scheme as cells were 

sometimes counted according to size, form or whether they were found in colonies. To alleviate 

some of the possible biases that may arise from changes to the counting method, the counts 

were converted to binary presence-absence values as a measure of temporal occurrence. A 

consequence of converting counts to occurrence is that this measure may not be directly 

comparable with the relative abundance values used in the sedDNA record, although a positive 

relationship between species occurrence and abundance has been widely observed (Gaston and 

He, 2011). Some issues could remain such as the ability of the observer to identify 
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phytoplankton to genus level by microscopy. This may have varied with the counting method 

used and the expertise and time investment of the observers, and the counts may have been 

biased towards more easily identifiable taxa or taxa of particular scientific interest. 

There are also methodological factors associated with the sedDNA record which must be 

considered when making comparisons with the microscopy-based record. For example, the 

chronology of the sediment core was estimated based on the chronology of a separate sediment 

core collected in 2014 from the same location within Esthwaite Water. Application of this 

chronology required the assumption that the sedimentation rate remained constant since 2014, 

but variation in the sedimentation rate could lead to inaccuracies in the estimated chronology 

and therefore cause a discrepancy between the sedDNA and microscopy records. Only 

phytoplankton residing in the surface water were examined in the monitoring scheme, but 

sedDNA had the potential to record taxa originating from deeper within the water column and 

at the sediment surface. While contribution from active benthic phytoplankton may be relatively 

low at the depth the sediment core was collected due to low light availability, benthic taxa 

originating from littoral areas may have been transported to the sediment in the deeper basin 

during sediment resuspension and focussing (Mackay et al., 2012). The choice of 18S rRNA 

amplicon primers influences the composition of the community detected, and the accuracy of 

taxonomic assignment is limited by completeness of the reference database (Francioli et al., 

2021). The 18S rRNA gene copy number can vary between taxa and lead to overestimations in 

relative abundance for some groups (Gong and Marchetti, 2019). Despite these data 

considerations, there were still remarkable similarities between the sedDNA and microscopy 

records, but possible explanations for the discrepancies between the records are explored further 

in the following sections. 
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3.5.2. Temporal trends in diversity 

The NMDS of the dissimilarity matrices based on beta diversity as measured by sedDNA and 

microscopy both displayed comparable trajectories of change from older to more recent 

samples. The temporal trends in alpha diversity were also similar between the two records, with 

both showing an increase in diversity from the 1970s which coincided with the intensification 

of nutrient enrichment. A trend that is driven by the accumulation of DNA degradation with 

age could be expected to be a monotonic decline in diversity with sediment depth (Dommain et 

al., 2020). However, alpha diversity measured at the core surface was similar to that measured 

at the bottom of the core, and the temporal trends observed in the sedDNA record were 

accompanied by similar trends in the microscopy record. This provides evidence that the trends 

in diversity throughout the sediment core may represent a community response to 

environmental conditions, and not a trend that is primarily driven by an accumulation of DNA 

degradation with age. Previous studies have also shown that temporal trends in phytoplankton 

diversity as measured by sedDNA are consistent with environmental change and not necessarily 

DNA degradation (Capo et al., 2017; Huo et al., 2022; Zhang et al., 2021a). However, alpha 

genus diversity as measured by sedDNA was lower compared to that measured by microscopy. 

A lower diversity could be evidence of at least some DNA degradation, the extent of which 

may vary with conditions within the sediment (Torti et al., 2015). 

 

3.5.3. Temporal trends in community composition 

In both records, chlorophytes, dinoflagellates, ochrophytes and bacillariophytes displayed 

general increasing trends beginning around 1970-1990. These could be responses to nutrient 

enrichment, which accelerated in Esthwaite Water from the 1970s and remained high until the 

early 2000s (Appendix B, Fig. S2). A sediment core has previously been collected from 
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Esthwaite Water for sedimentary pigment analysis. In this record, many algal pigments also 

displayed increasing trends over time from the 1800s to 2011 with their highest concentrations 

detected after the 1970s, including chlorophyll b and lutein, which are indicative of 

chlorophytes, and diatoxanthin, which is indicative of bacillariophytes. However, there was a 

large peak in the concentration of diatoxanthin around the 2000s, and this was not reflected in 

the sedDNA or microscopy records for bacillariophytes (Moorhouse et al., 2018). 

Co-occurring patterns in the microscopy record could support sedDNA as a reliable record of 

past community change. The relative abundance and occurrence of chlorophytes in the sedDNA 

and microscopy records, respectively, both increased sharply in more recent samples. However, 

the increase in chlorophyte relative abundance in the sedDNA record occurred over a decade 

later than the increase in occurrence in the microscopy record. Distinct peaks in the relative 

abundance and occurrence of dinoflagellates were observed in the sedDNA and microscopy 

records, but the timing of these peaks was also not aligned. sedDNA and microscopy may have 

recorded the same trends, but they may have been offset due to uncertainties in the chronology 

of the sediment core. Taphonomic processes could also have affected the ability of sedDNA to 

provide a reliable temporal record. For example, it was possible that there was a delay in the 

time taken for cells in the surface water to deposit in the sediment, particularly for smaller and 

more buoyant cells. Recently deposited cells and DNA may have become resuspended before 

complete burial and compaction within the sediment, and DNA may have migrated between 

sediment layers which could have disrupted the vertical organisation of DNA (Giguet-Covex 

et al., 2019), although it has been suggested that substantial DNA leaching between layers is 

unlikely to occur in the permanently saturated sediments of lakes (Anderson-Carpenter et al., 

2011). 
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Degradation of DNA over time could limit the reliability of sedDNA reconstructions. Prior to 

1970, the relative abundance of chlorophytes, dinoflagellates, ochrophytes and bacillariophytes 

was low and stable in the sedDNA record. Their occurrence in the microscopy record was also 

relatively low prior to 1970, but there were indications of a slightly higher occurrence in the 

earlier monitoring records between 1945 and 1950 which were not reflected in the sedDNA 

record. This could be evidence of some DNA degradation and a reduced ability of sedDNA to 

detect phytoplankton community change in older sediments. However, separating the effect of 

DNA degradation from an increase in the relative abundance of phytoplankton with an 

intensification of nutrient enrichment is complex as both factors could be expected to show a 

change in the same direction (i.e., an increase from older to more recent sediments). 

Heterotrophic eukaryotes that may have been active within the sediment such as fungi were 

also sequenced with the 18S rRNA amplicon primers, and their abundance within the sediment 

likely contributed to the lower relative abundance of these phytoplankton groups. 

Cryptophytes were absent in the sedDNA record but were well-represented in the microscopy-

based record, and alloxanthin, the diagnostic pigment of cryptophytes, was detected in the 

sediment core pigment record from Esthwaite Water (Moorhouse et al., 2018). Cryptophytes 

could therefore be expected to be detected using sedDNA, but similar to the present study, Capo 

et al. (2015) also reported that cryptophytes were poorly represented by sedDNA and suggested 

that the absence of a cell wall made their DNA vulnerable to degradation, and their high 

nutritional content made them vulnerable to grazing by zooplankton so that cells did not reach 

the sediment surface (Capo et al., 2015; Capo et al., 2021). Haptophytes were also poorly 

represented by sedDNA, and an underrepresentation of haptophytes in Lake Bourget, France, 

as measured by sedDNA has previously been reported (Capo et al., 2015). However, haptophyte 

temporal dynamics in an Antarctic lake throughout the Holocene have successfully been 
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reconstructed using sedDNA (Coolen et al., 2004), but the low temperatures in the Antarctic 

lake may have promoted DNA preservation. Haptophytes were not consistently counted 

throughout the monitoring scheme, so determining whether this group was underrepresented 

because they experienced greater rates of DNA degradation, or because they had a low 

abundance in Esthwaite Water is challenging. The reliability of sedDNA reconstructions 

depends on the extent of DNA degradation, which may occur at varying rates for different taxa 

in different environments (Capo et al., 2021). Previous efforts have been made to explore DNA 

degradation patterns in dinoflagellates and bacillariophytes in an Antarctic lake core record 

(Boere et al., 2011), and for cyanobacterial taxa within microcosms (Mejbel et al., 2022). 

However, the extent of DNA degradation that different taxa may be subject to in temperate lake 

sediments requires further research, particularly for groups that were not well-represented by 

sedDNA, such as cryptophytes and haptophytes. 

 

3.5.4. Shared and unique genera 

More genera were detected by microscopy compared to sedDNA within each phylum except 

dinoflagellates. For chlorophytes, ochrophytes and bacillariophytes, microscopy may have been 

more sensitive when distinguishing between genera. Only a small proportion of genera occurred 

in both records. This was highest for chlorophytes, with 19.5% of chlorophyte genera detected 

by both methods, but only 16.7% for dinoflagellates, 12.1% for ochrophytes, and 12.9% for 

bacillariophytes. The majority of genera were uniquely detected by each method, and each 

method may be capable of recording a different component of the phytoplankton community. 

Genera unique to the sedDNA record could include taxa that occupied deeper layers of the 

water column or littoral areas and were therefore beyond the scope of the surface water 

monitoring scheme, or those that were difficult to identify based on morphology. Depositional 
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or degradational processes could explain why a large proportion of the phytoplankton 

community were missed by sedDNA. Previous studies have shown that certain groups of 

eukaryotic algae (Gauthier et al., 2021) and cyanobacteria (Nwosu et al., 2021) were 

differentially represented in surface lake sediments compared to the water column, and this 

could be because some taxa did not readily deposit. The deposition potential of phytoplankton 

could be affected by grazing pressure and whether the cells form colonies or aggregate with 

organic matter which makes them heavier and more likely to deposit and could also protect the 

DNA from degradation (Gauthier et al., 2021; Mauvisseau et al., 2022; Nwosu et al., 2021). 

A larger number of dinoflagellate genera were detected in the sedDNA record compared to the 

microscopy record, and sedDNA may therefore be a particularly valuable method for studying 

past dinoflagellate communities. Many dinoflagellates form a robust cyst during the resting 

stage of their lifecycle which may protect their DNA from grazing by zooplankton and other 

extracellular degradation processes (Bravo and Figueroa, 2014). Dinoflagellates have 

previously been shown to be well-represented by sedDNA, but it was possible that they were 

overrepresented due to their large genomes and high 18S rRNA gene copy number (Gong et 

al., 2020). 

Bacillariophyte DNA could also be expected to be preserved in sediments due to the presence 

of the protective silica frustule (Aguirre et al., 2018). However, this group was present at the 

lowest relative abundance of the four main phyla in the sedDNA record, despite being one of 

the groups with the highest occurrence in the microscopy record, and a larger number of 

bacillariophyte genera were detected by microscopy. Another sediment core collected from 

Esthwaite Water for microfossil analysis found Asterionella, Aulacoseira and Fragilaria to be 

the most dominant genera between 1945 and 2005 (Dong et al., 2012). These genera were also 

detected by microscopy in the monitoring record from 1945 to 2010, but Asterionella and 
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Fragilaria were absent from the sedDNA record. Targeted primers may be more capable of 

distinguishing a larger number of bacillariophyte genera compared to the broad range 18S 

rRNA amplicon primers selected in the present study, such as primers targeting the rbcL gene 

(Anslan et al., 2022; Dulias et al., 2017; Kang et al., 2021). Although a substantial number of 

bacillariophytes were missed by sedDNA, a small number of genera were detected which may 

have been overlooked in the microscopy-based monitoring and microfossil records. This 

included Staurosira, Opephora, Planothidium and Staurosirella. Planothidium are typically 

benthic taxa (Lange-Bertalot et al., 2017), and may therefore have been outside of the scope of 

the surface water monitoring scheme, although Planothidium was only detected by sedDNA 

after 2010. The bacillariophyte community sequenced in lake surface sediments has previously 

been compared with microscopy-based methods, and also revealed that while microscopy could 

detect more genera, each method detected a distinct proportion of the community (Dulias et al., 

2017; Kang et al., 2021). 

A substantial proportion of ASVs detected by sedDNA (39%) and records in the microscopy-

based monitoring scheme (56%) were unidentified at the genus level. In the sedDNA record, 

the majority of ASVs unassigned at the genus level were chlorophytes and dinoflagellates, 

while in the microscopy record, a significant number of bacillariophytes were unidentified at 

the genus level. Taxonomy assignment in the sedDNA record may be limited by reference 

database coverage (Anslan et al., 2022). Taxonomic identification with microscopy may be 

limited by microscope resolution and the expertise and time investment of the observers, which 

may vary throughout the monitoring scheme. Separation of the influence of these variables in 

long-term monitoring schemes from an environmental response is complex (Straile et al., 

2013). While palaeolimnological tools such as sedDNA typically do not suffer from method 

changes, they may be subject to other limitations such as DNA degradation. Each method has 
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its own limitations and biases, and multi-proxy analysis is likely the most reliable approach for 

reconstructing past phytoplankton communities. 

 

3.5.5. Conclusions and recommendations for the use of sedDNA in palaeolimnology 

Validation of sedDNA against concurrent lake monitoring is crucial to further its development 

and evaluate its performance as a palaeolimnological tool. Our comparison with long-term 

microscopy-based monitoring of phytoplankton in the lake surface water revealed broadly 

similar trends in the diversity and relative abundance and occurrence of chlorophytes, 

dinoflagellates, ochrophytes and bacillariophytes, and up to 20% of genera were detected with 

both methods. These results support the use of sedDNA as an effective tool for the 

reconstruction of past phytoplankton communities, at least within the time period investigated 

in this study. However, DNA degradation may occur in older sediments which could limit the 

reliability of reconstructions over longer time periods, and a substantial proportion of the 

phytoplankton community detected by microscopy were missed by sedDNA. Based on these 

results, we recommend that sedDNA reconstructions over time periods exceeding 100 years or 

of groups such as cryptophytes that were poorly resolved with sedDNA are treated with caution, 

and future research should focus on identifying the key determinants of variable DNA 

degradation and deposition among taxa. Furthermore, due to incomplete reference databases, it 

is important that future studies consider the fact that phytoplankton sedDNA reconstructions 

may only represent a subset of the total community in lakes. Continued improvements to 

reference database coverage, in addition to the combined use of multiple targeted primers may 

enable the wider phytoplankton community to be captured with sedDNA.  
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Chapter 4: Source tracking of lake sedimentary DNA and 

implications for its use in palaeolimnology  
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4.1. Abstract 

Sedimentary DNA (sedDNA) extracted from lake sediment cores is increasingly being used in 

palaeolimnology, but the reliability of sedDNA reconstructions is limited by unknowns 

surrounding the transport and preservation of DNA in lakes and lake sediments. Here, we 

employ a source tracking approach to trace DNA from the water column to the sediment and 

investigate seasonal and water depth related trends in deposition. 16S rRNA and 18S rRNA 

gene amplicon sequencing of the bacterial and eukaryotic microbial community, respectively, 

was carried out on lake water samples collected on a seasonal basis and at varied depths within 

the water column, and on sediments from a lake sediment core spanning approximately 105 

years. Fast expectation-maximisation microbial source tracking (FEAST) was implemented to 

estimate contribution from the pelagic bacterial and eukaryotic microbial communities to the 

sediment. Quantitative PCR (qPCR) was performed to quantify total bacterial and 

cyanobacterial 16S rRNA gene copies down-core. The concentration of 16S rRNA gene copies 

and contribution from bacterial and eukaryotic microbial communities in the water column to 

the lake sediment generally declined down-core. These results indicate that DNA degradation 

may have accumulated over time, and detection of deposited DNA and therefore the reliability 

of sedDNA reconstructions may be reduced in older sediments. The majority of deposited DNA 

may originate from pelagic microbial communities in the summer when productivity is higher, 

and a large proportion of deposited bacterial DNA may originate from communities residing 

deeper within the water column where rates of DNA degradation may be lower. However, a 

substantial proportion of the sedDNA community could not be attributed to any of the sampled 

sources. More comprehensive field surveying across lakes and their catchments is therefore 

needed to improve source detection of sedDNA, and due to currently unknown rates of 

interannual community turnover, further research is needed to trace deposition of DNA from 
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the water column over longer timescales. An improved understanding of the source and fate of 

lake sedDNA can further its development as a reliable palaeolimnological tool. 

 

4.2. Introduction 

Palaeolimnological reconstructions of lake communities are important for understanding how 

different organisms have responded to environmental change in the past, but these 

reconstructions rely on the application of reliable palaeolimnological tools (Birks and Birks, 

2006; Wingard et al., 2017). Lake sedimentary DNA (sedDNA) is a relatively new 

palaeolimnological tool which can be applied to sedimentary archives to provide temporal 

records of community change for a wide diversity of lake biota, including bacteria (Thorpe et 

al., 2022), eukaryotic algae (Chapter 3; Capo et al., 2016), zooplankton (Tsugeki et al., 2022), 

and macrophytes (Stoof-Leichsenring et al., 2022). However, the reliability of sedDNA records 

depends on the extent and rate of DNA deposition and degradation, and these processes are 

poorly understood in lakes and lake sediments (Capo et al., 2022). 

Lake sedDNA consists of DNA derived from sediment-dwelling organisms and DNA that has 

been deposited to the sediment from the water column (Pawlowski et al., 2022; Torti et al., 

2015). The deposited fraction of sedDNA may originate from communities residing within the 

lake water column or those which have been transported to the lake from elsewhere within the 

catchment, such as upstream water and sediment sources or runoff from surrounding soil 

(Giguet-Covex et al., 2019). How much of this DNA is deposited in the lake sediment compared 

to how much is flushed from the lake may depend on whether it is intracellular or extracellular, 

whether it is bound to sediment particles, and factors such as cell size, buoyancy, and position 

within the water column. For example, extracellular DNA or small and buoyant cells may not 
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readily deposit unless bound to heavier cells or organic matter (Vuillemin et al., 2017). 

Extracellular DNA and cells that reside in the epilimnion during lake stratification may not 

reach the sediment as mixing between the layers of the water column is restricted, although the 

ease of deposition may be improved when lake mixing resumes (Harrison et al., 2019). Previous 

studies using sedDNA have found that some pelagic microbes deposit poorly in lake sediments, 

and this could be related to their buoyancy and position in the water column during stratification 

(Gauthier et al., 2021; Nwosu et al., 2021). Differential deposition could result in some taxa 

becoming over or underrepresented in sedDNA records and may therefore limit the reliability 

of palaeolimnological reconstructions for pelagic microbes. 

Degradation of DNA, which can occur by pre- or post-depositional processes, can also affect 

the reliability of sedDNA-based reconstructions. DNA degradation may take place in the water 

column prior to deposition by oxidation, photooxidation, hydrolysis, grazing by zooplankton, 

and microbial degradation (Brasell et al., 2022; Torti et al., 2015). The rates of these processes 

may be affected by lake conditions, and DNA degradation is typically greater in warmer, acidic 

lakes with higher light and oxygen availability (Torti et al., 2015; Zulkefli et al., 2019). The 

rate of degradation can also vary between layers of the water column in stratified lakes, and 

greater rates of DNA degradation have been observed in the epilimnion compared to the colder 

hypolimnion (Harrison et al., 2019; Matsui et al., 2001). Once incorporated within the sediment 

matrix, sediment particles can physically shield DNA from degradation, and the anoxic 

environment of sediments may be more favourable towards the preservation of DNA (Torti et 

al., 2015). The extent of DNA degradation may therefore depend on the time taken for 

deposition, and DNA that remains in the water column for longer may accumulate more damage 

compared to DNA that is rapidly incorporated within the sediment upon cell death. However, 

DNA may continue to degrade within the sediment by processes such as microbial degradation, 
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although this typically declines with sediment depth (Haglund et al., 2003). Free, extracellular 

DNA is particularly vulnerable to degradation, while DNA from organisms with robust cell 

membranes is more likely to persist as intracellular DNA and is therefore better protected from 

degradation (Han et al., 2022). Extensive DNA degradation could reduce the detection of 

deposited DNA in the sediment, and if damage accumulates with time, this could limit the time 

period over which sedDNA can be used reliably. 

Previous applications of sedDNA have largely focussed on reconstructing eukaryotic algal and 

cyanobacterial communities (Capo et al., 2016; Domaizon et al., 2013; Ibrahim et al., 2020; 

Monchamp et al., 2016, 2019), while sedDNA reconstructions of the bacterial community are 

rare in comparison (Li et al., 2019a; Thorpe et al., 2022). Reliable sedDNA reconstructions of 

bacteria are particularly complex because their small cells may not readily deposit in the 

sediment, and the active community of heterotrophic bacteria within the sediment may obscure 

the temporal signal from the deposited pelagic community (Thupaki et al., 2013; Vuillemin et 

al., 2017). To enable reliable reconstructions of past microbial communities using sedDNA, 

further research is needed to distinguish between pelagic DNA that has been deposited over 

time from modern DNA that originated from the sediment community. 

This chapter investigates the transport and preservation of DNA in lakes. Microbial community 

composition in the sediment is compared with that in the water column. A microbial source 

tracking (MST) approach is then implemented to estimate the degree to which taxa occupying 

the water column (source community) may be deposited and preserved in the sediment (sink 

community). Community MST methods include recently developed machine-learning tools 

which assume that a sink community is comprised of a combination of source communities, 

and by exploiting the differences in community composition between sinks and sources, these 

MST tools can quantify contribution from potential sources to a sink (Knights et al., 2011; 
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Shenhav et al., 2019). Machine-learning MST has frequently been used to trace transport of 

microbes in streams, rivers, and lakes in modern samples (Brown et al., 2017; Comte et al., 

2017; Hermans et al., 2020; Xu et al., 2022; Zhang et al., 2019), but to our knowledge, this is 

the first application of machine-learning MST to a lake sedDNA record in palaeolimnology. 

This chapter will also use quantitative PCR (qPCR) to measure the concentration of bacterial 

and cyanobacterial gene copies down-core to understand how the detection and therefore 

preservation of DNA may vary with sediment depth. 

 

4.3. Materials and methods 

4.3.1. Study site 

Esthwaite Water (54° 21.56’ N, 2° 59.15’ W) is a relatively small, eutrophic lake in the 

Windermere catchment of the Lake District National Park, Cumbria, UK (Appendix A, Fig. 

S1). Thermal stratification in Esthwaite Water usually begins in April and starts to break down 

in October (Maberly et al., 2011a). Detailed site characteristics and its history of intense 

eutrophication have previously been described (Dong et al., 2011; Maberly et al., 2011a; 

Mackay et al., 2012; Thorpe et al., 2022). 

 

4.3.2. Water sampling 

Water samples of integrated depths were collected from the deepest point of Esthwaite Water 

using a Ruttner water sampler. Up to 1 L of water was collected and transferred to a sterile 

Whirl-Pak bag or glass bottle for filtering. In August 2021, a water sample was collected from 

an integrated depth of 0-5, 5-10 and 10-15 m. Water samples were also collected from this site 

on a seasonal basis in spring (April 2021), summer (July 2021), autumn (October 2021) and 
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winter (February 2022) from an integrated depth of 0-5 m. Water sampling depth was measured 

using a graduated line attached to the water sampler. 

Each water sample was filtered on the day of collection. Water samples collected in August 

were filtered in the field using 0.2 µm Sterivex filter units (Merck Millipore, MA, U.S.). A 

sterile Luer-lock syringe was filled with 60 ml of water and forced through the filter unit. This 

was repeated until between 240 and 500 mL of water was filtered per sample depending on 

turbidity. The filter units were filled with 2 ml DNA shield (Zymo Research, CA, U.S.) to 

stabilise DNA, and sealed with a Luer-lock cap. Water samples collected in April, July and 

October 2021 and in February 2022 were transported to the UK Centre for Ecology & 

Hydrology (UKCEH), Lancaster, and up to 500 mL was filtered using 0.2 µm Supor filter 

membranes (Pall Corporation, NY, U.S.). All filtered water samples were stored at -20 °C prior 

to DNA extraction. 

 

4.3.3. Sediment coring and chronology 

A sediment core was collected from the deepest point of Esthwaite Water using a HTH gravity 

corer (Pylonex, Sweden) immediately after water sampling in August 2021. Collection, 

sectioning, and radiometric dating of the core have been described in detail in Chapter 3. 

Briefly, this 35 cm long core was sectioned in 1 cm intervals with a blade that was sterilised 

between sections. Each section was then subsampled to collect a small amount of undisturbed 

sediment from the centre of each section for DNA extraction. The chronology of the sediment 

core was estimated using the age-depth relationship of a reference core collected from the same 

location within Esthwaite Water in 2014 assuming a constant sedimentation rate, as described 
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in detail in Chapter 2 (Thorpe et al., 2022) and Chapter 3. The full length of the 35 cm sediment 

core was estimated to cover a 105-year time period from 1916 to the date of collection in 2021. 

 

4.3.4. DNA extraction 

DNA was extracted from 0.25 g of each sediment core subsample using the Qiagen DNeasy 

PowerSoil Pro extraction kit (Qiagen, Germany) as previously described in Chapter 3. For water 

samples collected in August, ethanol-cleaned pipe cutters were used to open Sterivex filter 

units, and the filter was removed. For all water samples, filters were cut into small pieces using 

sterile scalpel blades and transferred into lysis tubes for DNA extraction using the Qiagen 

DNeasy PowerWater extraction kit. 

 

4.3.5. Quantitative PCR 

Probe-based qPCR was performed to quantify 16S rRNA gene copies of the total bacterial 

community and of the cyanobacterial community throughout the sediment core. The bacterial 

16S rRNA primers, 1369F (5’-CGGTGAATACGTTCYCGG-3’) and 1492R (5’- 

GGWTACCTTGTTACGACT-3’) were used with the TM1389F probe (5’-6-

FAM/CTTGTACAC/ZEN/ACCGCCCGTC/IABkFQ-3’) (Suzuki et al., 2000), and the 

cyanobacterial-specific 16S rRNA primers, 107F (5’-ACGGGTGAGTAACRCGTRA-3’) and 

377R (5’-CCATTGCGGAAAATTCCCC-3’) were used with the cyanobacterial-specific probe 

(5’-6-FAM/CTCAGTCCC/ZEN/AGTGTGGCTGNTC/IABkFQ-3’) (Picard et al., 2022b; 

Rinta-Kanto et al., 2005). PrimeTime probes (IDT, IA, U.S.) were double quenched, and 

contained a 5’ 6-FAM dye, internal ZEN quencher and 3’ Iowa Black quencher. gBlock gene 

fragments (IDT, IA, U.S.) of a target bacterial and cyanobacterial 16S rRNA gene sequence 
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were quantified using the Invitrogen Qubit dsDNA BR assay kit (Thermo Fisher Scientific, 

MA, U.S.), serially diluted with qPCR grade water from approximately 101 to 108 copies 

(Appendix C, Eq. 1) and used as standards within the qPCR run to produce a standard curve for 

absolute quantification of gene copy number. 

Each 20 μL reaction contained 10 μL of a 2X qPCR master mix (Roche, Switzerland), 4.56 μL 

of qPCR grade water, 0.2 μL of each 10 μM forward and reverse total bacterial 16S rRNA or 

cyanobacterial 16S rRNA primer, 0.04 μL of the 2 μM total bacterial or cyanobacterial-specific 

probe, and 5 μL of 1:20 diluted DNA to overcome inhibition or 5 μL of each serially diluted 

gBlock standard. Negative controls were included, and all samples and standards were run in 

duplicate. The qPCR program was set to an initial denaturing temperature of 95 °C for 7 min, 

followed by 40 cycles of 95 °C for 10 sec, 60 °C for 30 sec and quantification at 72 °C for 1 

sec. qPCR was performed on the Roche LightCycler 480 II with the LightCycler 480 software 

version 1.5. Reactions passed if run efficiency was between 90 and 110%, and if the cycle 

threshold (Ct) of duplicate technical replicates were within 0.5 cycles of each other, as 

recommended by Nolan et al. (2006). The fit points quantification method (Rasmussen, 2001) 

was used to estimate gene copy number from the Ct according to the standard curve (Appendix 

C, Fig. S2), and copies per reaction were converted to copies per g of wet sediment (Appendix 

C, Eq. 2). 

 

4.3.6. PCR amplification and sequencing 

Using DNA extracted from water samples and the sediment core, two-step PCR was performed 

to amplify the V4 region of the 16S rRNA gene with universal forward and reverse bacterial 

primers, 515F (5’-GTGYCAGCMGCCGCGGTAA-3’) and 806R (5’-
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GGACTACNVGGGTWTCTAAT-3’) (Walters et al., 2016), and the V4-V5 region of the 18S 

rRNA gene with universal forward and reverse microbial eukaryote primers, NSF563 (5’-

CGCGGTAATTCCAGCTCCA-3’) and NSR951 (5’-TTGGYRAATGCTTTCGC-3’) 

(Mangot et al., 2012). First step PCR conditions were as described in Chapter 2 (Thorpe et al., 

2022) for amplification of the 16S rRNA gene, and in Chapter 3 for amplification of the 18S 

rRNA gene. First step PCR reagents and all subsequent steps (PCR clean-up, second step PCR 

conditions and reagents, normalisation, gel-extraction, and quantification) were as described in 

Chapter 3 for both amplicons. The 16S and 18S rRNA amplicon libraries were pooled and 

sequenced on the Illumina MiSeq Platform with a 500-cycle v2 MiSeq reagent kit (Illumina, 

CA, U.S.). 

 

4.3.7. Sequence data processing 

The sequence reads were trimmed, quality-filtered and merged using the DADA2 pipeline 

(Callahan et al., 2016) as described in Chapter 3, and an amplicon sequence variant (ASV) 

abundance table was generated per amplicon. Taxonomy was assigned to each ASV using the 

naive Bayesian classifier (Wang et al., 2007) against the SILVA database v.132 (Quast et al., 

2013) for the 16S rRNA gene sequences, and against the PR2 database v4.14.0 (Guillou et al., 

2013) for the 18S rRNA gene sequences. The 16S and 18S rRNA gene sequences were rarefied 

to uniform sequencing depths of 6,496 and 14,936 reads, respectively. Three sediment core 

samples (14, 29 and 32 cm) that did not meet the rarefied 16S rRNA sequencing depth, and two 

sediment core samples (4 and 33 cm) that did not meet the rarefied 18S rRNA sequencing depth 

were excluded. Bacterial and eukaryotic microbial ASVs were filtered to remove those with no 

taxonomic assignment at the phylum level. 
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4.3.8. Source tracking analysis 

Fast expectation-maximisation microbial source tracking (FEAST) was implemented to 

quantify the contribution of source microbial communities to the sink microbial communities 

using the FEAST R package with 1000 expectation-maximisation iterations (Shenhav et al., 

2019). Each water sample was designated as a source, and each section of the sediment core 

was designated as a sink. The bacterial and eukaryotic microbial communities were analysed in 

independent FEAST runs using the rarefied ASV abundance tables as the input files. 

The source tracking analysis was repeated at the operational taxonomic unit (OTU) level. Using 

the DECIPHER R package v2.0 (Wright, 2016), rarefied and quality-filtered 16S rRNA and 

18S rRNA gene sequences from the DADA2 pipeline were aligned and a distance matrix was 

generated. The sequences were clustered into OTUs based on 97% sequence similarity. FEAST 

was implemented as described above, but using the OTU abundance tables as the input files. 

 

4.4. Results 

4.4.1. qPCR 

qPCR was performed down the sediment core to measure the concentration of 16S rRNA gene 

copies for the total bacterial community and for cyanobacteria (Fig. 4.1A and B). The 

concentration of total bacterial and cyanobacterial 16S rRNA gene copies were relatively low 

and stable from the 1910s to the 1970s and did not exceed 2.64 × 109 total bacterial gene copies 

g-1 wet sediment (Fig. 4.1A) or 2.76 × 107 cyanobacterial gene copies g-1 wet sediment (Fig. 

4.1B) during this period. The concentration of both genes increased to a small peak from the 

1970s to 1980s, when total bacterial 16S rRNA gene copies reached 4.48 × 109 g-1 wet sediment 

before increasing towards the surface of the core, and cyanobacterial 16S rRNA gene copies 
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reached 8.54 × 107 g-1 wet sediment. Cyanobacterial 16S rRNA gene copies then displayed a 

larger peak from the 1980s to the 1990s where the concentration reached 3.11 × 108 copies g-1 

wet sediment. Cyanobacterial 16S rRNA gene copies were between 0.6 and 3.0% of the total 

bacterial 16S rRNA gene copy concentration except during the larger peak when cyanobacterial 

copies made up 8.8% of the total bacterial copies. 

Figure 4.1. Concentration of total bacterial 16S rRNA (A) and cyanobacterial 16S rRNA (B) 
gene copies per g of wet sediment throughout the sediment core as determined with qPCR. 

 

4.4.2. Community composition 

Actinobacteria, Bacteroidetes, Cyanobacteria, Proteobacteria, Verrucomicrobia and 

Planctomycetes were the most abundant bacterial phyla detected within the water column (Fig. 

4.2A and B). Cyanobacteria comprised up to a third of the bacterial community in April and 

July but were a much smaller component in October, when the community was dominated by 

Verrucomicrobia, and in February, when the community was dominated by Proteobacteria. Of 
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each depth sampled within the water column in August, the relative abundance of 

Cyanobacteria was greater at 5-10 m compared to that at 0-5 or 10-15 m (Fig. 4.2B). The 

relative abundance of Actinobacteria was consistent between each depth sampled, but the 

relative abundance of Acidobacteria, Bacteroidetes and Proteobacteria was greater, and the 

relative abundance of Planctomycetes and Verrucomicrobia was lower at 10-15 m compared to 

that at 0-5 or 5-10 m. 

The sediment bacterial community was dominated by Proteobacteria and Bacteroidetes, which 

increased in relative abundance from older to more recent sediments, and by Firmicutes and 

Chloroflexi, which decreased in relative abundance towards the surface of the core. 

Cyanobacteria peaked in relative abundance in the mid-1990s (Fig. 4.2C). 

Figure 4.2. Bacterial community composition at the phylum level in water samples collected 
from an integrated depth of 0-5 m in April 2021, July 2021, October 2021, and February 2022 
(A), in water samples collected from an integrated depth of 0-5, 5-10 and 10-15 m in August 
2021 (B), and throughout a lake sediment core (C). The top 15 most abundant phyla are shown, 
and the less abundant phyla are presented as ‘others’. 
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The dominant eukaryotic microbes in the lake water varied seasonally (Fig. 4.3A). In April, the 

community was dominated by bacillariophytes, but ciliates and fungi were also abundant. In 

July, ciliates comprised over half of the community, and dinoflagellates were more abundant in 

July than any other month. Streptophytes dominated the community in October with a relative 

abundance of 0.86. In February, fungi and ciliates each comprised a third of the community. In 

August, ciliates and cercozoa dominated the community at each depth (Fig. 4.3B). 

Bacillariophytes, chlorophytes, choanoflagellates and streptophytes had a higher relative 

abundance at a depth of 10-15 m, but cryptophytes had a higher relative abundance at 0-5 m. 

The eukaryotic microbial community in older sediments was dominated by fungi and ciliates 

which together comprised over half of the community in the deepest sediments estimated to 

have been deposited prior to the 1980s (Fig. 4.3C). The relative abundance of fungi declined 

towards the surface of the core while the relative abundance of dinoflagellates and chlorophytes 

increased. 
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Figure 4.3. Eukaryotic microbial community composition at the phylum level in water samples 
collected from an integrated depth of 0-5 m in April 2021, July 2021, October 2021, and 
February 2022 (A), in water samples collected from an integrated depth of 0-5, 5-10 and 10-15 
m in August 2021 (B), and throughout a lake sediment core (C). The top 15 most abundant 
phyla are shown, and the less abundant phyla are presented as ‘others’. 

 

4.4.3. Source tracking 

The total contribution from the bacterial and eukaryotic microbial communities at a depth of 0-

5 m within the water column across all months sampled generally increased towards the surface 

of the core. For bacteria, total contribution from this depth increased from 0.82% at the bottom 

of the core to 3.11% at the surface of the core and peaked at 3.76% in 2006 which was largely 

derived from the community in July (Fig. 4.4A and C). For eukaryotic microbes, total 

contribution from a depth of 0-5 m within the water column across all months sampled 

increased from 11.90% at the bottom of the core to 26.17% at the surface of the core and peaked 

at 33.57% in 2019 (Fig. 4.4B and D). The community in August at a depth of 0-5 m within the 
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water column was the largest contributor to the eukaryotic microbial sedDNA record, followed 

by the community in July and February, and in April for sediments deposited in the 1970s and 

1980s. Contribution from the eukaryotic community in October was less than 0.13% and only 

detected in five sediment core sections. 

Contribution from the bacterial community at different depths within water column in August 

to older sediments was relatively low and in sediments deposited prior to 1935, contribution 

was only detected from a water column depth of 10-15 m (Fig. 4.4C). For sediments deposited 

from 1973 to 1985, the community at a water depth of 5-10 m was the largest contributor and 

peaked at 5.75% in 1975. For sediments deposited from 1987 to 2021, contribution from a water 

depth of 10-15 m increased, peaked at 4.39% in 2014, and was greater than that of all other 

water column depths sampled in August. Contribution from the community at a water column 

depth of 0-5 m in August to the bacterial sedDNA record remained relatively low and did not 

exceed 1.71%. For eukaryotic microbes, contribution from the community at a depth of 0-5 m 

in August to the sedDNA record was consistently higher than that from deeper within the water 

column and ranged between 4.21 and 22.45%. Contribution from water column depths of 5-10 

and 10-15 m were low in comparison, and peaked at 5.04% and 2.80%, respectively (Fig. 4.4D). 
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Figure 4.4. FEAST-estimated contribution (%) of the water community at an integrated depth 
of 0-5 m in April 2021, July 2021, October 2021, and February 2022 to the sedDNA record for 
bacteria (A) and eukaryotic microbes (B), and contribution of the water community at an 
integrated depth of 0-5, 5-10 and 10-15 m in August 2021 to the sedDNA record for bacteria 
(C) and eukaryotic microbes (D). 

 

Source tracking implemented at the OTU level revealed similar temporal trends in source 

contribution to that performed at the ASV level (Appendix C, Fig. S3). There was an increase 

of up to 8% and 54% in contribution from bacterial and eukaryotic OTUs in the water column, 

respectively, to the sedDNA records compared to the ASVs, and this increase was most notable 

for contribution from the eukaryotic community in July. Unknown contribution to the bacterial 

and eukaryotic sedDNA record was up to 10% and 46% lower, respectively, compared to that 

at the ASV level. 
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4.5. Discussion 

4.5.1. Concentration of 16S rRNA gene copies down-core 

qPCR was used to quantify 16S rRNA gene copies for the total bacterial community and 

cyanobacterial community down-core. The concentration of total bacterial 16S rRNA gene 

copies likely included inputs from the deposited pelagic and sediment-dwelling bacterial 

communities. As a photosynthetic group, cyanobacteria are not expected to be active below the 

sediment surface due to limited light availability. Quantifying cyanobacterial gene copies can 

therefore give an indication of the concentration of deposited DNA down-core without 

contribution from an active sediment community. The concentration of total bacterial 16S 

rRNA gene copies was higher in more recent sediments and generally declined down-core. This 

could suggest that towards the top of the core, recently deposited DNA was less degraded and 

there was substantial contribution from the in situ sediment bacterial community, while in older 

sediments, DNA degradation accumulated and input from the sediment bacterial community 

decreased. A decline in the abundance of live bacterial cells with increasing lake sediment depth 

has previously been shown (Haglund et al., 2003). However, a comparable trend was observed 

in the concentration of cyanobacterial 16S rRNA gene copies down-core, indicating that this 

declining trend in 16S rRNA gene copies could largely have been driven by an accumulation 

of DNA degradation with age, and not only by a smaller sediment community. A decline in the 

concentration of bacterial gene copies (Pilon et al., 2019; Swan et al., 2010) and cyanobacterial 

gene copies (Cao et al., 2020; Pal et al., 2015; Picard et al., 2022a, b) down lake sediment cores 

have previously been observed, and an accumulation of DNA degradation could limit the ability 

of sedDNA to reliably detect bacterial community change in some older sediments. However, 

sedDNA has been used to reconstruct cyanobacterial community dynamics over time periods 

as long as 1000 years (Picard et al., 2022a). 
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4.5.2. Water and sediment community composition 

Proteobacteria and Bacteroidetes were among the most relatively abundant bacterial groups in 

both water samples and sediments from the sediment core. However, while Firmicutes and 

Chloroflexi were also found to be dominant in sediments and increase in relative abundance 

down-core, they were a much smaller component of the bacterial community in the water. 

Previous studies have also reported a dominance of Firmicutes and Chloroflexi in lake 

sediments compared to the water column (Newton et al., 2011; Ren et al., 2019; Ren et al., 

2022; Zhong et al., 2022). A large proportion of sedDNA from Firmicutes and Chloroflexi may 

have originated from sediment communities as opposed to being deposited from a pelagic 

community, and the down-core trends observed in their relative abundance may therefore 

represent spatial responses to sediment conditions instead of temporal trends derived from 

deposited DNA. 

The bacterial water community was dominated by cyanobacteria in April and July, and the 

eukaryotic water community was dominated by bacillariophytes in April. These seasonal trends 

correspond with the peak of the summer cyanobacterial bloom and the peak of the spring 

bacillariophyte bloom observed annually in Esthwaite Water (Maberly et al., 2011b). Although 

bacillariophytes were found to be relatively abundant in the water during the spring, they were 

only a minor component of the sedDNA community down-core. Furthermore, a large number 

of bacillariophyte genera identified in a microscopy-based long-term monitoring record of 

phytoplankton in the surface water were not detected using sedDNA, and this included 

Asterionella and Fragilaria which are commonly observed in Esthwaite Water (Chapter 3, 

Maberly et al., 2011b). While the absence of these genera in the sedDNA record could partly 

be related to limited reference database coverage or primer specificity, these genera were 

successfully detected in the water using molecular-based methods. Poor deposition of these 
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genera is unlikely to explain their absence in the sedDNA record because their frustules were 

identified in a sediment core microfossil record from Esthwaite Water (Dong et al., 2012). 

Instead, DNA degradation may account for the poor detection of some pelagic bacillariophytes 

in the sedDNA record. A number of bacillariophyte genera were detected in the sedDNA record 

that were not detected in the water at any depth using molecular (this chapter) or microscopy-

based methods (Chapter 3), including Staurosira, Opephora, Planothidium and Staurosirella. 

Phototrophic microbes are unlikely to be active in the sediment at the depth the core was 

collected from due to limited light availability, and so these genera that were uniquely detected 

in the sediment may therefore originate from streams or littoral sources. 

Cryptophytes were only detected in the sediment with a relative abundance greater than 0.001 

in three sediment core sections (Chapter 3). However, cryptophytes were detected in the water 

across all seasons and depths sampled with a higher relative abundance closer to the lake 

surface. The successful detection of cryptophytes in the water samples therefore provides 

further evidence that their poor representation in the sedDNA record may be a consequence of 

substantial DNA degradation or poor deposition, particularly because their small cells (5-50 

μm, Hoef-Emden and Archibald, 2017) may be unable to overcome the barrier of stratification 

in the water column. 

 

4.5.3. Trends in contribution from the water column community down-core 

FEAST-estimated contribution from the bacterial community at a depth of 0-5 m within the 

water column to the sedDNA record across all months sampled generally declined down-core. 

Estimated contribution from eukaryotic microbial community at a depth of 0-5 m within the 

water column in all months sampled except August also declined down-core. These results 
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suggest that there was an overall loss of DNA likely originating from the pelagic community 

down-core, and this was most notable for the bacterial community. This could be a consequence 

of an accumulation of DNA degradation, which may have reduced detection of deposited DNA 

in older sediments, and for heterotrophic eukaryotes and bacteria, an increase in contribution 

of modern DNA from the active sediment community relative to the increasingly fragmented 

deposited DNA with sediment depth. However, a decline in contribution from the water column 

community could also arise because the water samples collected within one year were not 

representative of the water column community in the past and may have become more distinct 

from past communities over time. Previous studies have shown that although some seasonal 

trends in community composition are observed annually, both bacterial and eukaryotic 

microbial lake water communities can become more dissimilar over interannual time scales, 

and community turnover may be particularly great during times of rapid environmental change, 

such as eutrophication (Korhonen et al., 2010; Shade et al., 2007; Tammert et al., 2015). 

 

4.5.4. Seasonal contribution from the water community to the sedDNA record 

Contribution to the sedDNA record from pelagic bacterial and eukaryotic microbial 

communities near the lake surface could be expected to be lower during the summer 

stratification period because lake mixing is restricted and the thermocline may act as a physical 

barrier to deposition (Harrison et al., 2019). In August, the depth of the maximum temperature 

change and therefore an approximation of the thermocline was estimated to be at 6 m (E. 

Mackay, 2023, pers. comms.). However, contribution from the bacterial and eukaryotic 

microbial community at a water depth of 0-5 m in August to the sedDNA record was frequently 

larger compared to contribution from the community in April when stratification was 
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beginning, in October when stratification had begun to break down, and in February when the 

lake was fully mixed. Microbial biomass in the water and therefore the amount deposited in the 

sediment may increase during times of higher productivity (Weisse et al., 1990). The formation 

of cyanobacterial and algal blooms could promote deposition because cells may aggregate in 

larger biofilms, making them less buoyant and possibly better able to overcome the barrier of 

stratification and reach the sediment, particularly immediately following the collapse of spring 

and summer blooms when sinking of organic matter may be greater (Ostrovsky and Yacobi, 

2010; Shi et al., 2012). 

 

4.5.5. Contribution from the water community with depth to the sedDNA record 

Of each depth sampled within the water column in August, the community at a depth of 0-5 m 

was the largest contributor to the eukaryotic sedDNA record. However, for the bacterial 

sedDNA record, contribution from the water community at 0-5 m was much lower, and the 

bacterial community at a depth of 10-15 m within the water column was the largest contributor. 

Bacterial cells are generally much smaller than many eukaryotic microbes, with typical 

bacterial cell volumes ranging between 0.4 to 3.0 μm3 (Levin and Angert et al., 2015). Bacteria 

may not sink as readily as larger eukaryotes, especially during stratification when more energy 

is required to move between layers of the water column and reach the sediment (Harrison et al., 

2019). A large proportion of the bacterial community in the water column above the 

thermocline may therefore not deposit in the sediment, and sedDNA records used to reconstruct 

past pelagic bacterial communities may be less reliable compared to those of eukaryotic 

microbes. 
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Water column DNA may accumulate more DNA damage compared to DNA that is rapidly 

incorporated within the protective sediment matrix upon cell death (Torti et al., 2015). In the 

oldest sediments, only contribution from the bacterial community at a depth of 10-15 m within 

the water column was detected. This could be because DNA that originated from deeper within 

the water column was exposed to fewer DNA degradation processes before it was incorporated 

within the sediment. The rate of DNA degradation deeper within the water column during 

stratification may be lower due to anoxia, lower UV radiation and a lower water temperature 

compared to that closer to the surface (Zulkefli et al., 2019). DNA originating from deeper 

layers of the water column may therefore have been deposited in a relatively undamaged state, 

allowing it to still be detectable in the oldest sediments. 

Although lake sediments were designated as a sink of the water column community, sediment 

resuspension may also mean that sediments could be considered as a source to the water 

column. Comte et al. (2017) found that resuspension of sediment and the associated sediment 

community only accounted for a small proportion of the water column bacterial community in 

two shallow lakes at a depth of 4.2 and 11 m. Sediment resuspension is typically greater in 

shallow lakes (Evans, 1994), and as the water samples and sediment core were collected from 

the deepest basin within Esthwaite Water at a depth of 16 m, contamination of water samples 

due to sediment resuspension could be expected to be relatively small. However, wind-induced 

currents were found to be sufficient to resuspend small particles at all depths of Esthwaite Water 

(Mackay et al., 2012). Sediment resuspension could therefore make the community detected 

within the water column, particularly at a depth of 10-15 m which is closer to the water-

sediment interface, appear more similar to the sediment community, and account for some of 

the contribution from the water column to the sediment. Furthermore, resuspension of pelagic 

taxa that had settled in the sediment could explain why some photosynthetic eukaryotes such 
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as chlorophytes, bacillariophytes and streptophytes were unexpectedly found to be present with 

a higher relative abundance in the community at a water column depth of 10-15 m, where light 

availability is limited, compared to in communities closer to the lake surface. 

 

4.5.6. Contribution from unknown sources 

A significant proportion of the sedDNA community could not be attributed to any of the 

sampled water sources. Contribution from unknown sources was between 91.9 and 99.0% for 

bacteria and 65.5 and 87.8% for eukaryotic microbes. Zhang et al. (2019) used a similar 

machine-learning MST approach to trace a larger proportion of the bacterial community in lake 

surface sediments to upstream water and sediment sources and found that contribution from 

unknown sources was only between 23.8% and 61.4%. However, Zhang et al. (2019) and many 

other studies (Brown et al., 2017; Comte et al., 2017; Hermans et al., 2020; Xu et al., 2022) 

applied machine-learning MST at the OTU level instead of at the finer resolution ASV level. 

In the present study, bacterial and eukaryotic microbial sequences were also clustered into 

OTUs based on 97% sequence similarity and the FEAST analysis was repeated. Contribution 

to the bacterial and eukaryotic microbial sedDNA records that could not be attributed to any 

source was reduced by up to 10% and 46%, respectively, when FEAST was performed at the 

OTU level compared to the ASV level. The lower specificity of OTUs may lead to 

overestimations in source contribution, as well as missing ecological dynamics at the strain or 

ASV level. However, contribution from unknown sources remained relatively high even at the 

OTU level. Zhang et al. (2019) sampled a larger number of possible sources such as upstream 

rivers, and the small number of water samples analysed in the present study were unlikely to be 

representative of the microbial community across a full year, of past pelagic communities, or 

of the community across the whole lake and its catchment. Additional sources to the sediment 
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community could include host-associated microbiomes from lake biota such as fish, littoral 

sediments of the lake from which material may be transported towards the deeper basin due to 

sediment resuspension and focussing (Mackay et al., 2012), water and sediment sources 

upstream of Esthwaite Water, and runoff from the surrounding catchment. Source detection 

therefore has the potential to be improved with more comprehensive field surveying spanning 

multiple seasons and years to better capture the spatial and temporal heterogeneity of microbial 

communities across the lake and its catchment. 

 

4.5.7. Conclusions 

The concentration of 16S rRNA gene copies for the total bacterial community and 

cyanobacterial community, and contribution from pelagic bacterial and eukaryotic microbial 

communities to the sedDNA record generally declined down-core. These trends could be a 

consequence of an accumulation of DNA degradation which may reduce the detection of 

deposited DNA in older sediments. Although some contribution from the pelagic bacterial and 

eukaryotic microbial community was still detected in the oldest lake sediments, these results 

indicate that the resolution and reliability of pelagic community reconstructions may decrease 

with sample age. This could present a more significant issue for reconstructions of past bacterial 

communities because contribution from the bacterial community near the lake surface to the 

sedDNA record was relatively low, indicating that a substantial proportion of the bacterial 

community did not deposit in the sediment, possibly due to their small size. Further validation 

of sedDNA as a temporal record is needed for microbial groups that may experience substantial 

DNA degradation or poor deposition, such as smaller microbes, bacillariophytes and 

cryptophytes, and those that may be active and abundant within the sediment but are much rarer 

in the water column, such as Firmicutes and Chloroflexi. Interannual turnover of microbial 
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communities may also explain the decline in contribution from lake water communities down-

core, and future research should therefore aim to better characterise temporal variation in lake 

microbial communities over longer timescales. This could be achieved by combining long-term 

molecular-based monitoring of pelagic and benthic microbial communities for comparison with 

sedDNA records, and can help to further our understanding of the transport and preservation of 

DNA in lakes and lake sediments and contribute to the development of sedDNA as a reliable 

palaeolimnological tool.  
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Chapter 5: Investigating the influence of the bacterial community 

on 3-hydroxy fatty acid palaeoclimate biomarkers in soils and 

lake sediments  
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5.1. Abstract 

Palaeoclimatic reconstructions are crucial for understanding past climate change. Widely 

distributed and well-preserved biomarkers that exhibit consistent structural responses to 

environmental conditions are essential for reliable climate reconstructions. Proxies based on 3-

hydroxy fatty acids (3-OH FAs) produced by gram-negative bacteria have shown potential as 

palaeoclimate biomarkers in soil, lake and marine environments. However, their use as reliable 

biomarkers is limited by the lack of knowledge regarding the bacterial producers of these 

biomolecules. A paired 3-OH FA and bacterial DNA sequencing approach was used to identify 

possible producers of 3-OH FAs. Soils and lake surface sediments were collected from transects 

across Eastern and Southern U.S. spanning gradients of mean annual air temperature (MAAT), 

mean annual precipitation (MAP), and pH. 3-OH FAs and DNA were extracted from each 

sample, and 16S rRNA gene amplicon sequencing of the bacterial community was carried out. 

The bacterial phyla Proteobacteria, Acidobacteria and Planctomycetes had higher relative 

abundance in soils, while Desulfobacteria, Chloroflexi and Cyanobacteria had higher relative 

abundance in lake sediments. Cross-correlation networks between the bacterial community and 

3-OH FAs were computed, revealing that 3-OH FAs may be produced by bacteria specific to 

each environment, and the shorter-chained C10-C14 3-OH FAs may primarily be produced by 

lake sediment bacteria. The distinct bacterial communities in soils and lake sediments may 

respond differently to their environments, possibly explaining why proxies developed for use 

in soils perform poorly in lakes. 3-OH FA proxies specifically developed based on the responses 

of lake bacteria may be required for reliable palaeoclimate reconstructions using lake sediment 

cores. Further studies are required to extend the paired 3-OH FA and bacterial DNA dataset 

with samples spanning wider environmental gradients and different biomes. A culture-based 

assessment of 3-OH FAs produced by a wide diversity of bacteria is also required to confirm 
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whether the positive associations identified between 3-OH FAs and bacterial taxa in 

environmental samples reflect real producer relationships. 

 

5.2. Introduction 

Reconstructions of past climates can improve our understanding of the climate system and 

provide insights for predictions of future climate change (Yang et al., 2020). These 

reconstructions rely on the analysis of preserved biological materials, such as bacterial 

membrane lipids, as climate biomarkers (Luo et al., 2019). 3-hydroxy fatty acids (3-OH FAs) 

are one of the many classes of membrane lipids produced by gram-negative bacteria and are 

involved in homeoviscous adaptation to maintain membrane integrity in response to 

environmental changes (Siliakus et al., 2017). Preserved lipids can be extracted from the 

environment, and based on their structure, inferences can be made regarding the conditions 

under which bacteria were exposed to. A range of proxies based on the relative abundance of 

3-OH FA isomers have been developed, and when calibrated with modern conditions, these 

proxies can be applied to sedimentary archives to reconstruct palaeoclimates (Wang et al., 2016, 

2018). However, identification of the main bacterial producers of 3-OH FAs and an assessment 

of the influence of environmental factors on their community composition are needed to 

develop 3-OH FAs as reliable palaeoclimate biomarkers (Huguet et al., 2019; Wang et al., 

2016; Yang et al., 2020). 

3-OH FAs are found in the outer membrane of gram-negative bacteria with typical chain lengths 

ranging from C10 to C18 (Wilkinson, 1988). Different 3-OH FA isomers exist, with normal 3-

OH FAs containing no methyl branch, iso 3-OH FAs containing a methyl branch on the 

penultimate carbon, and anteiso 3-OH FAs containing a methyl branch on the third carbon from 
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the terminus (Christie and Han, 2012). Bacteria can adjust membrane composition in response 

to environmental conditions by incorporating differing 3-OH FA isomers with differing carbon 

chain lengths. For example, a higher proportion of longer, straight-chained or saturated isomers 

relative to shorter, branched or unsaturated isomers can confer greater membrane rigidity, 

which is beneficial at high temperatures when the membrane may otherwise become too fluid. 

These modifications can also reduce membrane permeability to protons, allowing bacteria to 

maintain an optimal intracellular pH when exposed to lower extracellular pH (Russell and 

Fukunaga, 1990; Siliakus et al., 2017). 

3-OH FAs have been extracted from a variety of environments, including soil (Huguet et al., 

2019; Pei et al., 2019; Véquaud et al., 2021; Wang et al., 2016), lake surface sediment (Yang 

et al., 2021), marine sediment (Yang et al., 2020), seawater (Wakeham et al., 2003), a 

stalagmite (Wang et al., 2018), snow (Tyagi et al., 2015), and atmospheric aerosols (Cheng et 

al., 2012). Because of their wide-ranging distribution and stability in the environment, 3-OH 

FAs have been proposed as palaeoclimate biomarkers, and a number of proxies based on the 

structural responses to environmental conditions such as temperature and pH have been 

developed (Wang et al., 2016). This includes the ratio of anteiso to normal 3-OH FAs (RAN 

index). RAN indices based on C15 and C17 3-OH FAs (RAN15 and RAN17, respectively) were 

negatively correlated with mean annual air temperature (MAAT) and positively correlated with 

mean annual precipitation (MAP) in the soil environment (Wang et al., 2016). In lake surface 

sediments, the ratio of iso to normal C17 3-OH FAs (RIN17) was negatively correlated with and 

a better determinant of MAAT compared to the RAN15 and RAN17 indices applied to soils 

(Yang et al., 2021). The RAN index based on C13 3-OH FAs (RAN13) is also negatively 

correlated with MAAT in lake sediments (Yang et al., 2021), in addition to mean annual sea 

surface temperature (SST) in marine sediments (Dong et al., 2023; Yang et al., 2020). The RAN 
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index based on C12, C13 and C14 iso, anteiso and normal 3-OH FAs (RANS) were also negatively 

correlated with the mean annual SST (Dong et al., 2023). The negative logarithm of the ratio 

of iso and anteiso to normal 3-OH FAs (RIAN index) was negatively correlated with soil pH 

(Wang et al., 2016), however in the lacustrine environment, much weaker correlations were 

observed between RIAN and lake water pH (Yang et al., 2021). 

The RAN and RIAN indices have been calibrated with contemporary MAAT and soil pH 

(Huguet et al., 2019; Véquaud et al., 2021; Wang et al., 2016). While the overall relationships 

(i.e., a negative correlation) between RAN15 and RAN17 and MAAT, and the RIAN index and 

pH were generally conserved among a number of regional soil calibrations (Huguet et al., 2019; 

Pei et al., 2019; Wang et al., 2016), some found no correlation between the RAN indices and 

MAAT in soils (Véquaud et al., 2021), and there was variation in the slope and intercept of the 

relationships between each regional calibration. Developing a soil-based calibration which can 

be applied globally has proven to be complex because of this region-specific variation in the 

trends (Véquaud et al., 2021; Wang et al., 2021). To develop accurate 3-OH FA proxy 

calibrations for soils and lake sediments, which may be applied regionally or globally, the 

possible sources of this variation must be addressed. 

Bacterial taxa may produce a unique suite of 3-OH FAs isomers with different carbon chain 

lengths (Ikemoto et al., 1978; Miyagawa et al., 1979; Oyaizu and Komagata, 1983; 

Wollenweber et al., 1980), resulting in taxa-specific membrane responses to environmental 

conditions. Bacterial community composition, which is largely driven by environmental 

conditions, could therefore be a significant source of variation in 3-OH FA calibrations (Huguet 

et al., 2019). Soil pH is frequently reported to be the dominant driver of bacterial diversity and 

community composition (Fierer and Jackson, 2006; Griffiths et al., 2011; Lauber et al., 2009). 

However, communities may also be structured by temperature, nutrient availability, vegetation 
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cover, soil type and soil moisture (Fierer et al., 2007; Liu et al., 2010; Zhou et al., 2016). 

Furthermore, the environmental conditions and composition of the bacterial community in lakes 

and lake sediments differ substantially from those in soils (Chen et al., 2016a; Zwart et al., 

2002), suggesting that soil-based 3-OH FA proxies may not be suitable for application to lake 

sedimentary archives used to reconstruct palaeoclimates. 

Previous research suggests that specific 3-OH FA proxies are required for application to soil vs 

lake environments, possibly due to the distinct bacterial communities occupying each 

environment (Yang et al., 2020). However, the main bacterial producers of 3-OH FAs and how 

their communities may differ between soils and lakes are poorly understood (Yang et al., 2020). 

Recent efforts combining the analysis of bacterial communities using DNA metabarcoding with 

the analysis of 3-OH FAs suggest that 3-OH FA distributions in soils and lake sediments may 

be influenced by bacterial community composition (Yang et al., 2020, 2021). However, 

bacterial DNA was extracted from a small subset of samples which is unlikely to sufficiently 

capture the variation in bacterial communities across environmental gradients. Therefore, 

paired analysis of bacterial communities and 3-OH FAs in a larger number of soil and lake 

sediment samples spanning large environmental gradients of temperature, precipitation and pH 

is needed to identify associations between the environmental drivers, bacterial taxa, and 3-OH 

FAs in each environment, and to further the development and calibration of 3-OH FAs proxies 

for use in soil and lake environments. 
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5.3. Materials and methods 

5.3.1. Study sites 

Soil samples and lake surface sediments were collected from sites spanning two separate 

transects in the U.S. (Fig. 5.1). Soil samples were collected in July 2018 from 40 sites within a 

north to south transect extending from Maine to Florida in Eastern U.S. Paired soils and lake 

surface sediments were collected in August 2018 from 27 lake catchments within an east to 

west transect across Arizona, New Mexico and Texas in Southern U.S. 

Figure 5.1. Map of the U.S. showing the locations of the soil sampling sites within the Eastern 
U.S. transect (red) and paired soil and lake surface sediment sampling sites within the Southern 
U.S. transect (green/blue). 

 

5.3.2. Sample collection 

Soil samples were collected from each site within the Eastern and Southern U.S. transects. In 

the Southern U.S. transect, soil samples were collected in close proximity to the lake shore. 

Overlying leaf litter was removed, and soil from a mixed depth (0-10 cm) was removed with a 

trowel and placed on pre-combusted foil. Debris was removed and a spatula was used to transfer 

a small subsample of well-mixed soil to a Zymo DNA Shield lysis tube (Zymo, CA, U.S.) to 
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stabilise the DNA. The remaining soil sample was wrapped in foil and stored in a sterile Whirl-

Pak bag. 

An Ekman grab was used to collect surface sediments from each lake within the Southern U.S. 

transect. The Ekman grab was deployed from a small boat and the top 15 cm of lake sediment 

was retrieved. A small subsample of well-mixed sediment was transferred to a lysis tube with 

a spatula. The remaining sediment sample was wrapped in pre-combusted foil and stored in a 

sterile Whirl-Pak bag. All equipment used for soil and lake sediment sampling was sterilised 

with ethanol and thoroughly rinsed with deionised water between uses. 

Soil and lake sediment samples were stored in a cool box in the field and during air transport 

to the UK. Samples for 3-OH FA analysis were homogenised by grinding in a pestle and mortar, 

sieved and freeze-dried at the University of Birmingham. Subsamples for 16S rRNA gene 

sequencing of the bacterial community were transported to the UK Centre for Ecology & 

Hydrology, Wallingford and stored at -20 °C prior to DNA extraction. 

 

5.3.3. Environmental variables 

MAAT and MAP at each sample site were obtained from the PRISM database (PRISM Climate 

Group, 2023), available at: http://www.prism.oregonstate.edu/. MAAT and MAP were 

averaged over a 30-year period from 1988 to 2018, with a spatial resolution of 4 km2. 

Soil and lake sediment pH were measured using 5 g of each freeze-dried sample. Soil or lake 

sediment was transferred to a 10 mL Pyrex vial containing 12.5 mL of deionised water to 

achieve a soil or sediment: water ratio of 1:2.5 (g mL-1). To resuspend the particles, the samples 

were shaken on a rotary shaker at 150 rpm for 30 min. Before particles settled, a stable pH 

measurement was taken using the Orion Ross ultra pH/ATC triode and Orion Star pH meter 
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(Thermo Fisher Scientific, MA, U.S.) calibrated at a pH of 4.01 and 7.01 using buffer solutions 

(Hanna Instruments, RI, U.S.). The pH probe was thoroughly rinsed with deionised water 

between measurements. Due to limited sample material, pH was not determined for two Eastern 

U.S. soil samples. 

 

5.3.4. 3-OH FA extraction 

Acid hydrolysis was performed on freeze-dried soil or lake sediment samples. 30 mL of 3 M 

HCl was added to 10 g of each sample and refluxed at 130 °C for 3 h. The solution was 

transferred to a furnaced glass centrifuge tube containing 5 mL of DCM, vortexed, and 

centrifuged at 3000 rpm for 3 min. The supernatant was transferred to a clean furnaced 

centrifuge tube, 5 mL of DCM was added to the original tube, and the centrifugation step was 

repeated three times. To obtain the total lipid extract (TLE), DCM was evaporated from the 

supernatant using a Polyvap (Buchi, UK) at 40 °C, 750 mbar, and 200 rpm. The TLE was 

cleaned by transferring the sample through a Na2SO4 column to remove residual water, and soil 

or sediment particles. The cleaned TLE was then methylated with 2 mL of 3 M HCl-MeOH and 

heated at 70 °C for 1.5 h. Hydroxy fatty acid methyl esters (OH FAMEs) were separated from 

non-OH FAMEs using silica gel column chromatography. Cleaned TLE was adsorbed onto 

silica gel and first eluted with 1:1 hexane and DCM to yield non-OH FAMEs, and then eluted 

with 100% ethyl acetate to yield OH FAMEs. The solvent was evaporated from the OH FAME 

fraction using a N2 blow down evaporator. OH FAMEs and C12, C14 and C16 3-OH FA standards 

were derivatised with N, O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) at 70 °C for 1.5 h 

and dried using the N2 blow down evaporator. 



118 
 

Derivatised OH FAMEs and 3-OH FA standards were diluted in 50 or 400 μL of hexane, 

depending on OH FAME concentration, and analysed on a gas chromatogram-mass 

spectrometer (Agilent, CA, U.S.) with a DB-5 fused silica capillary column (length: 60 m, 

diameter: 0.25 mm, film thickness: 0.25 μm). Helium was used as the carrier gas at a flow rate 

of 1 mL min-1. The oven temperature was increased from 70 °C to 200 °C at a rate of 10 °C 

min-1, and then increased at a rate of 3 °C min-1 to a 30-min holding temperature of 310 °C. The 

mass spectrometer ionisation energy was 70 eV. 

Gas chromatography-mass spectrometry (GC-MS) data analysis was performed using Agilent 

ChemStation software v01.11. 3-OH FA trimethylsilyl (TMSi) esters were identified based on 

their relative retention time and the presence of the diagnostic fragment ion, 

[CH3]3SiO=CHCH2CO2CH3
+ (175 m/z) resulting from the cleavage between the third and 

fourth carbon, and the M+-15 base peak resulting from the cleavage of a methyl group. The 

mass-to-charge ratio (m/z) of the base peak varies according to the length of the carbon chain. 

3-OH FA isomers were identified according to their relative retention time, with isomers eluting 

in the order: iso (i), anteiso (a) and normal (n) (Wang et al., 2021). Peaks corresponding to 3-

OH FA TMSi esters were integrated and their relative abundances were determined. 

3-OH FA proxies developed by Wang et al. (2016), Yang et al. (2020, 2021) and Dong et al. 

(2023) were calculated based on the relative abundance of isomers according to the following 

equations: 

RAN13 = a-C13 / n-C13        (eq. 1) 

RAN15 = a-C15 / n-C15        (eq. 2) 

RAN17 = a-C17 / n-C17        (eq. 3) 

RANS = (i-C12 + a-C13 + i-C14) / (i-C12 + a-C13 + n-C13 + i-C14 + n-C14) (eq. 4) 
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RIN17 = i-C17 / n-C17        (eq. 5) 

RIN = I / N         (eq. 6) 

Branched index = (I + A) / (I + A + N)     (eq. 7) 

Branching ratio = (I + A) / N       (eq. 8) 

RIAN = – log (Branching ratio)      (eq. 9) 

Where i, a and n represent iso, anteiso and normal 3-OH FA isomers, respectively, and I, A and 

N represent the sum of all iso, anteiso and normal 3-OH FA isomers, respectively. 

 

5.3.5. DNA extraction, PCR amplification and 16S rRNA gene sequencing 

Soil or lake sediment samples contained within the Zymo lysis tubes were defrosted, vortexed, 

and 500 μL of the soil or lake sediment-lysis buffer solution was transferred into a Qiagen 

PowerBead tube for DNA extraction using the Qiagen DNeasy PowerSoil kit according to the 

manufacturer's protocol (Qiagen, Germany). PCR amplification and 16S rRNA gene 

sequencing have been described in detail in Chapter 2 (Thorpe et al., 2022) and Chapter 3. 

Briefly, the V4 region of the bacterial 16S rRNA gene was amplified using the universal 

forward and reverse bacterial primers, 515F (5’-GTGYCAGCMGCCGCGGTAA-3’) and 

806R (5’-GGACTACNVGGGTWTCTAAT-3’) (Walters et al., 2016). First step PCR 

conditions were as described in Chapter 2, and reagents were as described in Chapter 3, except 

that the volumes were halved for 25 μL reactions. The PCR product was purified prior to second 

step PCR which was performed using a dual-indexing approach (Kozich et al., 2013). Samples 

were normalised, pooled as a single amplicon library and quantified prior to sequencing on the 

Illumina MiSeq Platform using a 500-cycle v2 MiSeq reagent kit, as described in Chapter 2. 
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5.3.6. Sequence data processing 

Sequence reads were demultiplexed and primers were removed using Cutadapt v4.2 (Martin, 

2011). The DADA2 pipeline (Callahan et al., 2016) was then implemented in R v4.0.2 (R Core 

Team, 2020) to truncate reads where the quality score fell below Q30. The quality-filtered 

forward and reverse reads were merged, and an amplicon sequence variant (ASV) abundance 

table was generated using the DADA2 error model to identify differences between sequences. 

Taxonomy was assigned to each ASV using the naive Bayesian classifier (Wang et al., 2007) 

against the SILVA database v.132 (Quast et al., 2013). The sequences were rarefied to a 

uniform sequencing depth of 4,708 reads. ASVs were filtered according to their taxonomy to 

remove those unidentified at the phylum level. 

 

5.3.7. Data analysis 

Pearson’s correlations between the 3-OH FA indices and environmental variables for each soil 

and lake sediment transect were computed and presented as a heat map (Fig. 5.3). No 3-OH 

FAs were detected in four Eastern U.S. soils, limited 3-OH FAs were detected in two Southern 

U.S. lake sediments, and two Southern U.S. soil samples and one lake sediment sample 

displayed broad or tailing chromatogram peaks indicating low quality data. These samples were 

therefore excluded from the correlations. 

ASV abundance was converted to relative abundance and the ASVs were grouped by phylum 

using the phyloseq R package v1.40.0 (McMurdie and Holmes, 2013). The top 15 most 

abundant phyla were selected for in-depth analysis of bacterial community composition in soils 

and lake sediments. 
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Non-metric multidimensional scaling (NMDS) was performed based on a beta diversity Bray-

Curtis dissimilarity matrix of bacterial ASV relative abundance using the vegan R package 

v2.6-2 (Oksanen et al., 2019). A permutation test was used to determine which environmental 

variables and bacterial phyla were correlated with the dissimilarity matrix. Those that were 

most strongly (r > 0.20) and significantly (p < 0.001) correlated, and bacterial phyla that were 

within the top 15 most abundant groupings were fitted to the ordination space as vectors. NMDS 

was also performed on a dissimilarity matrix based on 3-OH FA relative abundance and the 

environmental variables, 3-OH FAs and 3-OH FA indices that correlated with the dissimilarity 

matrix (r > 0.20, p < 0.001) were fitted to the ordination space. For both the bacterial and 3-OH 

FA dissimilarity matrices, analysis of similarity (ANOSIM) with 999 permutations was used to 

determine the degree of separation between Eastern U.S. soils, Southern U.S. soils and Southern 

U.S. lake sediments. 

Network analysis was performed to identify the associations between bacterial taxa and 3-OH 

FAs and their indices. Bipartite cross-correlation networks for soils and lake sediments were 

constructed using the CoNet v1.1.1 (Faust and Raes, 2016) plugin for Cytoscape v3.9.1 

(Shannon et al., 2003). Pearson’s correlations were computed between the relative abundance 

matrix of ASVs and the relative abundance matrix of 3-OH FAs and their indices, but within-

matrix correlations were not computed. A correlation threshold of r > 0.50 was applied to the 

networks, and only positive correlations were displayed. Fisher’s Z test was used to compute p 

values, and only significant (p < 0.05) correlations were included. ASVs and 3-OH FAs 

detected in fewer than five samples were excluded from the networks to reduce the risk of 

spurious correlations. An attribute circle layout was applied, arranging nodes in clusters 

according to their strongest edge. 
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5.4. Results 

5.4.1. Environmental variables 

MAAT ranged between 6.53 and 23.96 °C within the Eastern U.S. transect, and between 5.19 

and 21.22 °C within the Southern U.S. transect. MAP ranged between 1093.45 and 1439.05 

mm year-1 within the Eastern U.S. transect, and there was a much wider MAP range within the 

Southern U.S. transect which varied from 245.05 to 1474.04 mm year-1. Soil pH ranged between 

3.56 and 7.58 within the Eastern U.S. transect, and between 4.25 and 8.77 within the Southern 

U.S. transect. The pH of lake sediments within the Southern U.S. transect was between 5.76 

and 8.80 (Appendix D, Table S1-S3). 

 

5.4.2. 3-OH FA distribution 

Soils of the Eastern U.S. transect and soils and lake sediments of the Southern U.S. transect 

were dominated by the even-chained normal 3-OH FAs, n-C12, n-C14, n-C16 and n-C18, which 

together comprised more than half of the total 3-OH FAs detected in any soil or lake sediment 

sample (Fig. 5.2A-C). Soils within the Eastern U.S. transect generally had a higher relative 

abundance of n-C10 (up to 0.14) than soils within the Southern U.S. transect (up to 0.03). The 

relative abundance of n-C18 was lower in the lake sediments (up to 0.14) than in the soils (up to 

0.30). The odd-chained normal 3-OH FAs, n-C11, n-C13, n-C15 and n-C17, were much rarer in 

soils and lake sediments than the even-chained normal isomers, with a combined maximum 

relative abundance of 0.08 in any sample. a-C15, i-C13, i-C15 and i-C17 were also among the most 

abundant odd-chained 3-OH FAs found in soils and lake sediments. The relative abundance of 

a-C15 was greater in the majority of lake sediment samples (up to 0.12) than in the soils of the 

Eastern and Southern U.S. transects (up to 0.05). Limited 3-OH FAs were identified in lake 
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sediments collected from Southern U.S. sites 62 and 63, and included only n-C10, n-C12, i-C13, 

n-C14, n-C16, i-C17, and n-C18 (Fig. 5.2C). The relative abundance of unsaturated 3-OH FAs was 

less than 0.01 in any soil or lake sediment sample (Fig. 5.2A-C). 

Figure 5.2. Distribution of 3-OH FAs in soils collected within the Eastern U.S. transect (A), 
and soils (B) and lake surface sediments (C) collected within the Southern U.S. transect. 
Samples with poor 3-OH FA extraction are not shown. 
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5.4.3. 3-OH FA index correlations 

Of the temperature indices, RAN15 and RAN17 were negatively correlated with MAAT in soils 

within the Eastern U.S. (r = -0.57 and r = -0.74, respectively, p < 0.001) and Southern U.S. 

transects (r = -0.46, p < 0.05 and r = -0.58, p < 0.01, respectively) (Fig. 5.3A and B). RANS and 

RIN also had a significant negative correlation with MAAT in Eastern U.S. soils (r = -0.45, p 

< 0.01 and r = -0.35, p < 0.05, respectively), and RIN17 had a significant negative correlation 

with MAAT in Southern U.S. soils (r = -0.40, p < 0.05). In lake sediments of the Southern U.S. 

transect, RANS, RAN13, and RIN had a significant negative correlation with MAAT (r = -0.46, 

-0.41, -0.51, respectively, p < 0.01) and MAP (r = -0.67, p < 0.001, r = -0.59, p < 0.01 and r = 

-0.48, p < 0.01, respectively) (Fig. 5.3C). RIN, RIN17 and RAN17 had a significant negative 

correlation with MAP in Southern U.S. soils (r = -0.71, p < 0.001, r = -0.43, p < 0.05 and r = -

0.43, p < 0.05, respectively), but in Eastern U.S. soils, only RAN17 had a significant negative 

correlation with MAP (r = -0.35, p < 0.05) (Fig. 5.3A and B). 

Of the pH indices, the branching ratio and branched index only had a significant positive 

correlation with pH in the Southern U.S. soils (r = 0.63 and 0.67, respectively, p < 0.001), but 

also a significant negative correlation with MAP in soils (r = -0.70 and -0.74, respectively, p < 

0.001) and lake sediments (r = -0.54 and r = -0.57, respectively, p < 0.01) of the Southern U.S. 

transect (Fig. 5.3B and C). RIAN also had a significant negative correlation with the pH of soils 

within the Southern U.S. transect (r = -0.68, p < 0.001) (Fig. 5.3B), but the negative correlation 

between RIAN and pH was not significant in soils within the Eastern U.S. transect (r = -0.31, 

p > 0.05) (Fig. 5.3A) or lake sediments within the Southern U.S. transect (r = -0.26, p > 0.05) 

(Fig. 3C). RIAN also had a significant positive correlation with MAP in Southern U.S. soils (r 

= 0.76, p < 0.001) (Fig. 5.3B), with MAP and MAAT in lake sediments (r = 0.59 and 0.49, 
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respectively, p < 0.01) (Fig. 5.3C), and MAAT in Eastern U.S. soils (r = 0.50, p < 0.01) (Fig. 

5.3A). 

Figure 5.3. Correlations between 3-OH FA indices and environmental variables including soil 
or lake surface sediment pH, mean annual precipitation (MAP) and mean annual air temperature 
(MAAT) in Eastern U.S. soils (A), Southern U.S. soils (B) and Southern U.S. lake surface 
sediments (C). Correlations were calculated using Pearson’s correlation, where red shading 
indicates positive correlations and blue shading indicates negative correlations (*** = p < 0.001, 
** = p < 0.01, * = p < 0.05). 

 

5.4.4. Bacterial community composition 

The bacterial communities in the Eastern and Southern U.S. soils were dominated by the 

bacterial phyla Proteobacteria and Acidobacteria, which together comprised over half of the 

community in almost all the samples (Fig. 5.4A and B). The bacterial community in Southern 

U.S. soils generally had a higher relative abundance of Actinobacteria (up to 0.28) compared 

to the bacterial community in Eastern U.S. soils where Actinobacteria comprised a smaller 

proportion (up to 0.13). Other dominant phyla in both soil transects included Bacteroidetes, 

Planctomycetes and Verrucomicrobia. 
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Actinobacteria, Bacteroidetes, and Verrucomicrobia were also detected with a comparable 

relative abundance in lake sediments compared to soils, and the bacterial community could be 

distinguished from the soil communities with a lower proportion of Proteobacteria, 

Acidobacteria and Planctomycetes, and a much higher proportion of Desulfobacteria, 

Chloroflexi and Cyanobacteria (Fig. 5.4C). The relative abundance of Chloroflexi was highly 

variable between the lake sediment samples, ranging from 0.05 to 0.57. The relative abundance 

of Cyanobacteria was also variable, ranging from 0.002 to 0.15 for the majority of samples, but 

the relative abundance of Cyanobacteria in the lake sediment at site 54 was particularly high at 

0.34. 
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Figure 5.4. Bacterial community composition at the phylum level in soils collected within the 
Eastern U.S. transect (A), and soils (B) and lake surface sediments (C) collected within the 
Southern U.S. transect. The top 15 most abundant phyla are shown, and the less abundant phyla 
are presented as ‘others’. 

 

5.4.5. Ordination 

The dissimilarity matrices based on bacterial ASVs and 3-OH FAs were most strongly and 

significantly structured by pH (R2 = 0.81 and 0.61, respectively, p < 0.001) (Fig. 5.5A and B). 
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Firmicutes, Bacteroidetes and Gemmatimonadetes were positively correlated with a higher pH, 

whereas Verrucomicrobia, Acidobacteria, RCP2-54 and WPS-2 were positively correlated with 

a lower pH and higher MAP. Desulfobacteria, Chloroflexi, and Cyanobacteria were associated 

with lake sediments (Fig. 5.5A). 

Unsaturated C12 (u-C12), i-C12, a-C13, i-C14, a-C15, a-C17 and i-C18 were associated with lake 

sediments, i-C11, n-C14, u-C16 and n-C18 were associated with Eastern U.S. soils, and i-C17 and 

n-C17 were associated with Southern U.S. soils (Fig. 5.5B). Two lake sediment samples with 

limited 3-OH FAs were identified as outliers and were therefore removed from the NMDS plot 

as shown in Appendix D, Fig. S1. 

The ANOSIM R value of 0.85 (p < 0.001) based on the bacterial ASV dissimilarity matrix 

indicated a higher degree of separation between the soil and lake sediment transects than that 

based on the 3-OH FA dissimilarity matrix (R = 0.63, p < 0.001) (Fig. 5.5A and B). All statistics 

associated with NMDS are presented in Appendix D, Table S4-S6.  
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Figure 5.5. NMDS of a dissimilarity matrix based on bacterial ASVs (A) and 3-OH FA 
distribution (B) in Eastern U.S. soils and Southern U.S. soils and lake surface sediments. 
Vectors for bacterial phyla that correlated with the bacterial dissimilarity matrix and vectors for 
3-OH FAs and their indices that correlated with the 3-OH FA dissimilarity matrix were fitted. 
The environmental vectors that correlate with each dissimilarity matrix are shown in bold. Only 
the strongest (R2 > 0.20) and most significant (p < 0.001) vectors are displayed. NMDS stress 
values and ANOSIM R and p values are shown. 

 

5.4.6. Network analysis 

The bipartite cross-correlation network of bacterial ASVs and 3-OH FAs and their indices in 

Eastern and Southern U.S. soils comprised 180 nodes and 205 edges (Fig. 5.6). The network 

consisted of 11 connected components, the largest of which included i-C16, i-C17, n-C17, i-C18, 

RIN, RIN17, branching ratio and branched index which together connected to 104 ASV nodes 

via 146 edges. u-C16 connected to 13 ASV nodes and u-C18 connected to 12 ASV nodes, and 

together these clusters formed another connected component via ASV-806 (Acidobacteriales, 

Acidobacteria) and ASV-7369 (Isosphaerales, Planctomycetes) which correlated with both u-

C16 and u-C18. The smaller components included a-C11 connected to 15 ASV nodes, n-C10 

connected to eight ASV nodes, RIAN connected to four ASV nodes, and i-C12 connected to 

two ASV nodes. Five connected components comprised of only two nodes, including i-C11 and 

ASV-2344 (Rhizobiales, Proteobacteria), i-C13 and ASV-1178 (Pirellulales, Planctomycetes), 
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i-C14 and ASV-6 (Micrococcales, Actinobacteria), RAN13 and ASV-571 (Xanthomonadales, 

Proteobacteria), and RAN17 and ASV-450 (Micrococcales, Actinobacteria). 

Of the 24,947 bacterial ASVs detected in the soil samples, 162 ASVs were associated with 3-

OH FAs in the soil network (r > 0.50, p < 0.05), of which 36% were assigned to Proteobacteria, 

19% to Acidobacteria, 19% to Actinobacteria and 8% to Planctomycetes, while other phyla 

comprised less than 5% of the ASV nodes (Fig. 5.6). The majority of ASV nodes connected to 

only one 3-OH FA or 3-OH FA index node. However, a small number of nodes (24 ASVs) 

were highly connected with between two and five edges. This included ASV-40 

(Myxococcales, Proteobacteria), ASV-424 (Thermoanaerobaculales, Acidobacteria), and ASV-

4 (Frankiales, Actinobacteria) which correlated with i-C16, i-C17, RIN, branching ratio and 

branched index, respectively. 62 ASV nodes correlated with i-C16 which had the largest degree 

of association among all the 3-OH FA nodes. Of these, 20 nodes were assigned to 

Proteobacteria, 14 to Actinobacteria, 12 to Acidobacteria, seven to Chloroflexi, six to 

Planctomycetes, and one each to Bacteroidetes, Myxococcota and RCP2-54. The strongest 

correlations in the soil network were observed between ASV-134 (Rhizobiales, Proteobacteria) 

and i-C16 (r = 0.75), ASV-1222 (unassigned Chloroflexi) and i-C16 (r = 0.69), and ASV-19 

(Chthoniobacterales, Verrucomicrobia) and n-C17 (r = 0.67). 
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Figure 5.6. Bipartite cross-correlation network of bacterial ASVs, 3-OH FAs and 3-OH FA 
indices in soils from the Eastern and Southern U.S. transects. Only the strongest (r > 0.50) and 
most significant (p < 0.05) Pearson’s correlations are shown. Nodes correspond to ASVs 
(circles), 3-OH FAs (squares) and 3-OH FA indices (diamonds). Edge colour indicates the 
strength of the correlation. ASV nodes are labelled according to bacterial order and coloured 
according to bacterial phylum.  
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The network of bacterial ASVs and 3-OH FAs and their indices in Southern U.S. lake sediments 

comprised 268 nodes and 389 edges (Fig. 5.7). Nodes and edges were arranged in 4 connected 

components, the largest of which comprised of 18 3-OH FA nodes (n-C10, n-C11, i-C11, u-C11, 

a-C11, n-C12, i-C12, u-C12, n-C13, i-C13, a-C13, i-C14, u-C14, i-C15, a-C15, n-C17, i-C17, a-C17), six 

3-OH FA index nodes (RAN13, RAN15, RAN17, RANS, RIN and RIN17) and 200 ASV nodes 

connected via 335 edges. Smaller connected components included i-C18, u-C18 and n-C18 

connected to 33 ASV nodes via 48 edges, RIAN connected to four ASV nodes and n-C14 

connected to two ASV nodes. 

Of the 9,278 bacterial ASVs detected in the lake sediment samples, 239 ASVs were associated 

with 3-OH FAs in the lake sediment network (r > 0.50, p < 0.05), of which 28% were assigned 

to Proteobacteria, 18% to Chloroflexi, 13% to Actinobacteria, 9% to Desulfobacteria and 7% 

to Bacteroidetes, while other phyla comprised less than 5% of the ASV nodes (Fig. 5.7). Only 

one ASV was found in both soil and lake sediment networks (ASV-124, Rhizobiales, 

Proteobacteria). The majority of ASV nodes connected to only one 3-OH FA or 3-OH FA index 

node. 109 ASV nodes were highly connected with between two and five edges. ASV-3080 

(Rhizobiales, Proteobacteria) connected to n-C11, i-C11, i-C12, RAN15 and RAN17, ASV-5338 

(Desulfobacterales, Desulfobacteria) connected to n-C11, i-C11, a-C11, i-C12 and a-C13, ASV-

8408 (Rhodobacterales, Proteobacteria) connected to i-C13, a-C13, RAN13, RIN and RIN17, and 

ASV-7413 (1013-28-CG33, Proteobacteria) connected to i-C12, i-C13, a-C13, n-C13 and i-C14. 

RAN13 had the highest degree of association and was connected to 60 ASV nodes, 24 of which 

were assigned to Proteobacteria, seven to Desulfobacteria, seven to Bacteroidetes, four to 

Verrucomicrobia, four to Nitrospirae, three to Chloroflexi, three to Planctomycetes, two to 

Acidobacteria and one to each of Actinobacteria, Gemmatimonadetes, Methylomirabilota, 

Myxococcota, RCP2-54 and Spirochaetes. RIN17 was also highly connected and correlated with 
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40 ASV nodes, 16 of which were assigned to Proteobacteria, five to Desulfobacteria, four to 

Planctomycetes, three to Chloroflexi, three to Bacteroidetes, three to Verrucomicrobia, two to 

Acidobacteria and one to each of Actinobacteria, Methylomirabilota, Nitrospirae and RCP2-

54. The strongest correlations were observed between ASV-8623 (Phycisphaerales, 

Planctomycetes) and RIN17 (r = 0.85), ASV-4276 (Burkholderiales, Proteobacteria) and u-C11 

(r = 0.84), and ASV-1582 (Cellvibrionales, Proteobacteria) and RAN13 (r = 0.82). 
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Figure 5.7. Bipartite cross-correlation network of bacterial ASVs, 3-OH FAs and 3-OH FA 
indices in Southern U.S. lake surface sediments. Only the strongest (r > 0.50) and most 
significant (p < 0.05) Pearson’s correlations are shown. Nodes correspond to ASVs (circles), 3-
OH FAs (squares) and 3-OH FA indices (diamonds). Edge colour indicates the strength of the 
correlation. ASV nodes are labelled according to bacterial order and coloured according to 
bacterial phylum. 
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5.5. Discussion 

5.5.1. 3-OH FA distribution and indices 

In the soils and lake sediments of the U.S. transects, even-chained normal 3-OH FAs were 

found to be much more abundant than odd-chained 3-OH FAs. This is consistent with previous 

studies which also reported the dominance of even-chained 3-OH FAs in soils (Huguet et al., 

2019; Véquaud et al., 2021; Wang et al., 2016), lake sediments (Yang et al., 2021) and marine 

sediments (Dong et al., 2023; Yang et al., 2020). This may suggest that all bacterial producers 

of 3-OH FAs preferentially produce even-chained 3-OH FAs, or that certain groups of bacteria 

which may produce even-chained 3-OH FAs are more abundant in soils and sediments than 

those which may produce more odd-chained 3-OH FAs. 

The RAN15 and RAN17 indices were developed as temperature proxies for use in a soil 

environment and were found to negatively correlate with MAAT in soils from the Eastern and 

Southern U.S. transects. This is in agreement with previous studies that covered numerous soil 

transects in Africa, Asia and Europe (Huguet et al., 2019; Wang et al., 2016; Wang et al., 2021). 

However, in contrast with these studies, a stronger correlation was observed between MAAT 

and RAN17 (r = -0.74, p < 0.001 and r = -0.58, p < 0.01 for the Eastern and Southern U.S. soil 

transects, respectively) compared to RAN15 (r = -0.57, p < 0.001 and r = -0.46, p < 0.05 for the 

Eastern and Southern U.S. soil transects, respectively), and a significant positive correlation 

was not seen between either RAN index and MAP in the U.S. soil transects. These differences 

observed in both the 3-OH FA distribution and the index correlations could be a consequence 

of region-specific variation in the environmental drivers of bacterial activity and community 

composition between the transects and previous regional studies (Huguet et al., 2019; Wang et 

al., 2016; Wang et al., 2021). 
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The RAN13 index, originally applied to marine sediments (Yang et al., 2020), was found to be 

negatively correlated with MAAT in Chinese lake sediments (Yang et al., 2021) and in 

Southern U.S. lake sediments of the present study (r = -0.41, p < 0.01). Similarly, the marine 

RANS index (Dong et al., 2023) was also found to be negatively correlated with MAAT in lake 

sediments in the present study (r = -0.46, p < 0.01). However, RIN17 which was developed for 

use in lake sediments (Yang et al., 2021), was only weakly correlated with MAAT (r = -0.16, 

p > 0.05), although the negative correlation between MAAT and RIN was stronger (r = -0.51, 

p < 0.01). The negative correlation between MAAT and the marine temperature proxies, RAN13 

and RANS, suggests that they may also be suitable as temperature proxies in lacustrine 

environments. The applicability of these indices to lake and marine sediments, but not RAN15 

and RAN17, may indicate that the bacterial producers and their responses to environmental 

conditions could be distinct between each environment, and perhaps more similar between lake 

and marine sediments than with soils (Yang et al., 2021). RAN13, RANS and RIN were also 

found to negatively correlate with MAP in Southern U.S. lake sediments, and it is possible that 

bacterial membranes also responded to MAP, although separation of the responses to MAAT 

and MAP is complex due to co-correlation between these variables. 

A negative correlation was observed between RIAN and soil pH in the Eastern and Southern 

U.S. transects. This agrees with other regional soil calibrations (Huguet et al., 2019; Véquaud 

et al., 2021; Wang et al., 2016; Wang et al., 2021). However, while the correlation between 

RIAN and soil pH was relatively strong for soils of the Southern U.S. transect (r = -0.68, p < 

0.001), the correlation was weaker and not significant for soils of the Eastern U.S. transect (r = 

-0.31, p > 0.05). This is possibly due to the slightly larger soil pH gradient and much wider 

MAP gradient within the Southern U.S. transect as precipitation is known to strongly influence 

soil pH (Slessarev et al., 2016). Although not significant, a negative correlation was observed 
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between RIAN and lake sediment pH (r = -0.26, p > 0.05). Yang et al. (2021) reported a weak 

negative correlation between lake water pH and RIAN based on 3-OH FAs extracted from lake 

sediments (r = -0.09, p > 0.05). The stronger correlation found in the present study between 

lake sediment pH and RIAN compared to that of lake water pH suggests that the bacterial 

producers of 3-OH FAs in lake sediments are more responsive to the pH of the sediment than 

that of the water column. 

 

5.5.2. Bacterial community composition 

The bacterial communities in the soils of the Eastern and Southern U.S. transects were 

dominated by Proteobacteria and Acidobacteria, and to a lesser extent, Actinobacteria, 

Bacteroidetes, Planctomycetes and Verrucomicrobia. These phyla have been found to be the 

most abundant bacterial phyla in soils globally (Youssef and Elshahed, 2008). The soil bacterial 

community was strongly structured by soil pH, which has frequently been found to be the 

dominant driver of bacterial community composition (Fierer and Jackson, 2006; Griffiths et al., 

2011; Lauber et al., 2009). The bacterial phyla that were negatively correlated with pH included 

Acidobacteria and Verrucomicrobia, and those that were positively correlated with pH included 

Bacteroidetes, Firmicutes and Gemmatimonadetes. This is in agreement with previous studies 

which also reported an abundance of Acidobacteria and Verrucomicrobia in more acidic soils, 

and an abundance of Bacteroidetes, Firmicutes and Gemmatimonadetes in more alkaline soils 

(Bartram et al., 2014; Jones et al., 2009; Lauber et al., 2009; Li et al., 2021; Wang et al., 2019; 

Yao et al., 2017). The composition of the soil community at the phylum level in Eastern and 

Southern U.S. soils was similar, except that Actinobacteria were generally more abundant in 

Southern U.S. soils. This could be related to environmental variables such as carbon, nitrogen 

and phosphorus availability which may have varied between the soil transects and have 
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previously been shown to strongly influence the relative abundance of Actinobacteria (Dai et 

al., 2018; Liu et al., 2017a; Wang et al., 2022) and many other bacterial phyla in soils (Fierer 

et al., 2007; Yao et al., 2017). 

The bacterial community detected in lake sediments was distinct from that in soils, with a lower 

relative abundance of Proteobacteria, Acidobacteria, and Planctomycetes, and a higher relative 

abundance of Desulfobacteria, Chloroflexi and Cyanobacteria. Desulfobacteria, Chloroflexi 

and Cyanobacteria have previously been found to be characteristic of lake sediment bacterial 

communities compared with soil bacterial communities (Biessy et al., 2022; Kuang et al., 2022; 

Li et al., 2022; Zhang et al., 2020). The relative abundance of Chloroflexi was highly variable 

between lakes, which could be a response to factors such as nitrogen availability which may 

have varied between lakes and has previously been shown to strongly influence the relative 

abundance of Chloroflexi and other phyla in lake sediments (Chen et al., 2015; Zhang et al., 

2015). It is therefore important to note that many other environmental variables which were not 

determined in the present study may also drive bacterial community composition and 

consequently 3-OH FA distributions in soils, such as nutrient availability, particle size, soil type 

and vegetation structure (Hu et al., 2014; Zak et al., 2003) and in lake sediments, such as trophic 

status, lake depth and overlying water temperature, pH and dissolved oxygen concentration (Li 

et al., 2019b; Song et al., 2022). Furthermore, bacterial taxa may exhibit differential responses 

to environmental drivers within phyla (Jones et al., 2009). The 3-OH FA distribution was also 

found to be strongly pH dependent. The variations observed in bacterial community 

composition within and between soil and lake sediment transects in response to conditions such 

as pH may in turn drive variation in the 3-OH FA distribution. 
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5.5.3. Associations between possible bacterial producers and 3-OH FAs 

Although all saturated C10-C18 3-OH FA isomers detected in lake sediments were also detected 

in soils, the vast majority of ASVs were specific to each network, with only one ASV found in 

both networks. The near-distinct communities of bacteria associated with 3-OH FAs in soils 

and lake sediments indicate that 3-OH FAs may be produced by a community of bacteria 

specific to each environment. These distinct communities may respond differently to 

environmental conditions in soils than in lake sediments. For example, it is possible that the 

producers of C15 and C17 3-OH FAs in soils may have stronger responses to temperature than 

the producers of these 3-OH FAs in lake sediments, leading to a stronger correlation between 

the RAN15 and RAN17 indices and MAAT in soils. This could explain why proxies originally 

developed based on 3-OH FA distributions in soils (RAN15 and RAN17) performed poorly in 

lacustrine environments (Yang et al., 2021 and the present study). 

RAN13 has been found to be more appropriate for lake sediments than RAN15 and RAN17 in the 

present study and others (Yang et al., 2021). In the soil network, RAN13 was only correlated 

with one ASV, but in the lake sediment network, RAN13 had the highest degree of association 

with all 3-OH FA indices, and a number of ASVs associated with RAN13 were assigned to 

Desulfobacteria and Chloroflexi which were more abundant in lake sediments than in soils and 

were also associated with i-C13 and a-C13. This could indicate that C13 3-OH FAs may 

primarily be produced by a community of bacteria active and responsive to temperature within 

the lake sediment, and possibly explain why RAN13 has proven to be a more applicable 

temperature proxy in lacustrine environments compared to soils. 

In the soil network, C16, C17 and C18 3-OH FA isomers were relatively well connected with 

bacterial ASVs; however, in the lake sediment network, C10, C11, C12, C13 and C14 3-OH FA 

isomers were also well connected with bacterial ASVs, including those assigned to 
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Desulfobacteria, Chloroflexi and Cyanobacteria. This suggests that more bacterial taxa found 

in the lake sediment may be capable of producing shorter-chained 3-OH FAs than in the soil 

community. The RANS index originally developed for use in marine sediments is based on the 

relative abundance of short-chained 3-OH FAs, C12, C13 and C14 which displayed stronger 

responses to temperature than longer-chained 3-OH FAs (Dong et al., 2023). The associations 

between these shorter-chained 3-OH FAs and potential bacterial producers in the lake sediment 

may therefore explain why the RANS index performed well as a temperature proxy in Southern 

U.S. lake sediments compared to catchment soils. 

RIAN only correlated with four bacterial ASVs in both networks. This was unexpected because 

RIAN is calculated from the relative abundance of 3-OH FAs with chain lengths between C10 

to C18, so a large proportion of the bacterial community could be expected to produce the 3-OH 

FAs included in the RIAN equation (Wang et al., 2021). However, a strong correlation between 

RIAN and pH was only observed in Southern U.S. soils, and there could be region-specific 

variation in the responses of the bacterial producers to pH between Eastern and Southern U.S. 

soils. Future culture-based analyses are needed to better understand bacterial 3-OH FA 

production in response to pH. 

If closely related taxa were responsible for the production of particular 3-OH FA isomers, then 

associations with an isomer could be expected to be largely dominated by ASVs of the same 

taxonomic lineage. However, clustering between 3-OH FAs and ASVs according to taxonomy 

was not apparent, and bacterial ASVs with different taxonomic lineages were correlated with 

each isomer. This suggests that the 3-OH FAs detected in each environment were produced by 

a variety of different taxa across multiple taxonomic groups, as opposed to individual 

taxonomic groups responsible for the production of a specific 3-OH FA isomer. However, 

bacterial ASVs and 3-OH FAs that vary substantially in their relative abundance across 
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environmental gradients may be more likely to show strong and significant correlations, many 

of which may be a consequence of co-correlation due to similar responses, and not necessarily 

production. While the producers in each environment are likely to be different, as shown by the 

unique bacterial communities in soils compared to lake sediments, the influence of co-

correlation makes identifying positive correlations which represent real producer relationships 

complex and could mask any taxonomic pattern in 3-OH FA production. 

The issue of co-correlation is highlighted by the fact that correlations were detected between 3-

OH FAs and bacterial taxa that are not expected to produce 3-OH FAs, such as Sphingomonas 

(Asker et al., 2007) which contributed three nodes to the soil network, and gram-positive 

bacteria including many members of Actinobacteria and Firmicutes. Firmicutes only 

contributed three nodes to the lake sediment network, whereas Actinobacteria contributed 30 

nodes to each of the soil and lake sediment networks. Therefore, these correlations are unlikely 

to represent producer relationships and may instead be a consequence of co-correlation. 

However, although studies addressing 3-OH FA production in gram-positive bacteria are 

limited, some research suggests that production of C10-C18 3-OH FAs may not be exclusive to 

gram-negative bacteria. For example, C10-C18 3-OH FAs have been identified in biosurfactants 

produced by several strains of Bacillus (Firmicutes) (Besson et al., 1992; Youssef et al., 2005). 

Microbial sources of C10-C18 3-OH FAs other than bacteria also need to be considered, as 

previous studies have revealed that eukaryotic algae may be capable of producing C10-C18 3-

OH FAs (Matsumoto and Nagashima, 1984) and fungi may be capable of producing C16 and 

C18 3-OH FAs (Van Dyk et al., 1994). 

Identifying the bacterial producers of 3-OH FAs in soils and lake sediments is further 

complicated by the unknown sources of bacteria. For example, 3-OH FAs detected in the lake 

sediment may have been produced by the bacterial community active within the sediment, but 
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may have also deposited in the sediment from the water column. Therefore, analysis of the 

bacterial community and 3-OH FAs in the water column in addition to sediments is important 

for determining the sources of 3-OH FAs in lakes. Furthermore, it must also be considered that 

bacteria and their 3-OH FAs may be transported from soils into the lake, making it difficult to 

identify the in situ producers of 3-OH FAs in lakes. 

 

5.5.4. Conclusions and implications for the use of 3-OH FAs as palaeoclimate biomarkers 

More associations were identified between C10-C14 3-OH FAs and the lake sediment bacterial 

community than with the soil bacterial community. This suggests that these short-chained 3-

OH FAs are primarily produced by bacteria active in the lake sediment, and possibly explain 

why the RAN13 and RANS indices which are based on the shorter-chained 3-OH FAs performed 

well in lake sediments compared to RAN15 and RAN17 which appear to be more appropriate as 

temperature proxies in a soil environment. Based on these results, soil-based proxies are 

therefore not recommended for use in lacustrine environments without further validation in a 

larger number of lakes. This has implications for application of these proxies to lake sediment 

cores that could be used to reconstruct palaeoclimates. 

No clear taxonomic patterns in 3-OH FA production were identified using the cross-correlation 

network approach. This suggests that diverse bacteria may be capable of producing various 3-

OH FA isomers. However, the bacterial producers may not be the same between soils and lake 

sediments as the 3-OH FAs detected in each environment were found to be associated with 

highly distinct bacterial communities. Although isolation of soil and lake sediment bacteria for 

culture-based assessments of 3-OH FA production is needed to confirm this, this suggests that 

the variation observed in 3-OH FA distribution and in the performance of each 3-OH FA index 
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in soils and lake sediments may arise due to variations in the bacterial community and their 

responses to the environment. Therefore, 3-OH FA distributions may be specific to the bacterial 

community present in a particular environment, and due to the immense diversity of bacteria 

and strong biogeographic patterns in their community composition (Chu et al., 2020; Fierer and 

Jackson, 2006), this provides an ecological explanation for why regional calibrations were 

found to be more appropriate compared to a global calibration (Véquaud et al., 2021; Wang et 

al., 2021). 

While correlation-based analysis is likely limited in its ability to definitively identify bacterial 

taxa as producers of specific 3-OH FAs, particularly due to the effects of co-correlation, it can 

be used to identify groups of bacteria which may be associated and therefore be possible 

producers of certain 3-OH FAs in different environments. In turn, this information can be used 

to target bacterial taxa for culture-based analysis to directly measure the 3-OH FAs produced. 

Bacterial groups found to be differentially represented in soils compared to lake sediments, 

such as Proteobacteria, Acidobacteria and Planctomycetes which were more abundant in soils, 

and Desulfobacteria, Chloroflexi and Cyanobacteria which were more abundant in lake 

sediments, may produce different 3-OH FAs and possibly explain the different distribution of 

3-OH FAs and performance of proxies in each environment. Therefore, these phyla may be 

promising targets for culture-based assessments of 3-OH FA production. 

The power of this correlation-based approach has the potential to be improved with future 

additions to the paired 3-OH FA and bacterial DNA metabarcoding datasets, which may extend 

this analysis to cover wider gradients of environmental conditions and span multiple regions 

and biomes. Here, we demonstrate the value of a paired 3-OH FA and DNA sequencing 

approach to explore possible associations between bacterial biomarkers and their producers, 

which also has significant potential for application to a wide range of palaeoclimate biomarkers, 
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many of which have uncertain microbial producers, such as the widely used lipid biomarker, 

glycerol dialkyl glycerol tetraether lipids (GDGTs) (Weijers et al., 2007).  
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Chapter 6: Characterising bacterial 3-hydroxy fatty acid 

producers for improved palaeoclimatic proxy calibration  



146 
 

6.1. Abstract 

3-hydroxy fatty acids (3-OH FAs) produced by gram-negative bacteria have shown promising 

potential as biomarkers for palaeoclimate reconstruction. Numerous proxies based on the 

relative abundance of 3-OH FA isomers extracted from soils, lake sediments and marine 

sediments have been developed to study past temperature and pH. However, their application 

in palaeoclimatology is currently limited by a poor understanding of the bacterial producers of 

3-OH FAs. To identify possible producers, 3-OH FAs were extracted from pure cultures of 

bacteria isolated from soil and analysed with gas-chromatography mass-spectrometry (GC-

MS). 16S rRNA gene sequencing revealed that the isolated bacterial strains were most closely 

related to Flavobacterium (Bacteroidetes) and Bradyrhizobium, Burkholderia, Variovax, 

Collimonas, Massilia and Pseudomonas (Proteobacteria). These results suggest that members 

of Bacteroidetes may predominantly produce C15, C16 and C17 3-OH FA isomers, and members 

of Proteobacteria may be among the main producers of even-chained 3-OH FAs. However, 

these results also showed that 3-OH FA composition can vary within and between taxonomic 

lineages. Therefore, bacterial community composition may be an important source of variation 

in 3-OH FA distribution and proxy performance in environmental samples. Even-chained 3-

OH FAs are particularly abundant in the environment, appear to be widely produced by bacteria, 

and are therefore promising candidates for proxy development. Based on these results, we 

recommend that the possible bacterial sources of 3-OH FAs should be considered in future 

proxy calibrations and used to inform the development of reliable 3-OH FA proxies for 

palaeoclimatic reconstruction. However, our understanding of 3-OH FA production is currently 

limited to readily-cultured bacterial isolates, and further studies are needed to assess the 3-OH 

FA composition of a wider diversity of bacteria. 
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6.2. Introduction 

Bacterial membrane integrity is highly sensitive to changes in environmental conditions such 

as temperature and pH. By incorporating lipids with differing carbon chain lengths, degree of 

branching and degree of unsaturation, bacteria can maintain optimal membrane fluidity in 

response to environmental change (Russell and Fukunaga, 1990). This response is known as 

homeoviscous adaptation and can involve many different classes of membrane lipids (Siliakus 

et al., 2017). Among these are 3-hydroxy fatty acids (3-OH FAs) which are found in the outer 

membrane of gram-negative bacteria with chain lengths ranging between C10 and C18 

(Wilkinson, 1988). These lipids are widely distributed in the environment (Cheng et al., 2012; 

Huguet et al., 2019; Tyagi et al., 2015; Yang et al., 2020, 2021), and as a consequence of their 

role in homeoviscous adaption, the structure of 3-OH FAs preserved in environmental samples 

can provide information about the conditions the bacteria that produced them responded to. 

These characteristics make 3-OH FAs ideal candidates for use as palaeoclimate biomarkers, but 

their development is currently limited by a poor understanding of the bacterial producers of 3-

OH FAs (Huguet et al., 2019; Wang et al., 2016). 

Temperature proxies based on 3-OH FAs include the ratio of anteiso to normal C13, C15 or C17 

3-OH FAs (RAN13, RAN15 and RAN17 indices, respectively) (Wang et al., 2016; Yang et al., 

2020), the RAN index based on iso, anteiso and normal C12, C13 and C14 3-OH FAs (RANS 

index) (Dong et al., 2023), and the ratio of iso to normal C17 3-OH FAs (RIN17 index) (Yang 

et al., 2021). The negative logarithm of the total iso and anteiso 3-OH FAs relative to normal 

3-OH FAs (RIAN index) was developed as a pH proxy (Wang et al., 2016). These 3-OH FA 

indices have been shown to correlate with environmental temperature and pH (Dong et al., 

2023; Wang et al., 2016; Yang et al., 2020, 2021). However, some indices appear to be specific 

to particular environments, as those developed in a soil environment performed poorly in lakes 
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(Chapter 5; Yang et al., 2021), and the slope and intercept of the correlations between these 

indices and temperature or pH appear to be region-specific (Véquaud et al., 2021; Wang et al., 

2021). Previous studies combining the analysis of 3-OH FAs and 16S rRNA gene amplicon 

sequencing of the bacterial community have shown that bacterial community composition may 

drive variation in 3-OH FA distribution across environmental gradients of temperature, 

precipitation and pH, and 3-OH FAs extracted from soils, lake sediments and marine sediments 

may be produced by bacteria specific to each environment (Chapter 5; Yang et al., 2020, 2021). 

Therefore, variations in bacterial community composition have been suggested to contribute to 

the discrepancies observed in 3-OH FA proxy calibrations between different environments and 

regions (Chapter 5; Wang et al., 2021; Yang et al., 2020, 2021). 

It is possible that bacterial 3-OH FA composition and therefore membrane responses to the 

environment are taxa-specific (Raetz et al., 2007; Simpson and Trend, 2019). However, while 

the bacterial community is likely to be an important factor influencing 3-OH FA distribution in 

the environment, a direct examination of the performance of 3-OH FA proxies in pure bacterial 

cultures has, to our knowledge, only been attempted once. Recently, Hellequin et al. (2023) 

revealed that the relationship between growth temperature and indices based on 3-OH FAs 

extracted from three isolates of Bacteroidetes was consistent with environmental calibrations, 

confirming that the correlations observed in the environment are likely to be a consequence of 

bacterial homeoviscous adaptation. However, this study was based on three closely related 

isolates, and possible taxonomic differences in 3-OH FA production for a wide diversity of 

bacteria and the implications for the application of 3-OH FAs as palaeoclimate biomarkers are 

yet to be shown. 

To further the development of 3-OH FAs in palaeoclimatology, a need for the identification of 

the bacterial producers of 3-OH FAs has been highlighted (Dong et al., 2023; Huguet et al., 
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2019; Wang et al., 2016, 2021; Yang et al., 2020, 2021). An understanding of how 3-OH FA 

composition may vary between soil bacteria in particular is needed to explore whether taxa-

specific 3-OH FA production has the potential to contribute to the variation observed between 

soil-based proxy calibrations (Véquaud et al., 2021; Wang et al., 2021). The aim of this chapter 

was to isolate and culture bacteria from soil to analyse and compare their 3-OH FA composition. 

This may help to reveal taxonomic associations in 3-OH FA production, improve our 

understanding of how the bacterial community may lead to variation in 3-OH FA distribution 

in environmental samples, and therefore contribute to the development of 3-OH FAs as reliable 

palaeoclimate biomarkers. 

 

6.3. Materials and methods 

6.3.1. Isolation of soil bacteria 

Soil was collected range a range of locations (Table 6.1), and 1 g of each soil sample was 

suspended in 9 ml of autoclaved phosphate-buffered saline (PBS). Serial dilutions up to 10-8 

were prepared, and 20 µL aliquots of the 10-6 and 10-8 dilutions were spread onto R2A plates. 

R2A media consisted of 0.5 g L-1 of each of the following components: casein acid hydrolysate, 

yeast extract, proteose peptone, dextrose and starch, 0.3 g L-1 of dipotassium phosphate, 0.3 g 

L-1 of sodium pyruvate, 0.024 g L-1 of magnesium sulfate and 15 g L-1 of agar. The R2A media 

had a pH of 7.2. The plates were incubated at room temperature in the dark and monitored 

periodically for growth. Morphologically distinct colonies were selected from the plates with a 

sterile 1 µL inoculation loop and streaked onto fresh R2A plates until pure cultures were 

achieved. To preserve each pure culture, a 1 µL inoculation loop was used to transfer a single 
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colony from the plate to a sterile cryovial containing a 1:1 glycerol and PBS solution. Glycerol 

stock cultures were stored at -80 °C until further use. 

 

6.3.2. 16S rRNA gene sequencing of bacterial isolates 

For each pure culture, colony PCR (Woodman, 2008) was performed to amplify the full length 

of the 16S rRNA gene using the forward primer, 27F (5'-AGAGTTTGATCCTGGCTCAG-3') 

and reverse primer, 1429R (5'-GGTTACCTTGTTACGACTT-3') (Chen et al., 2015). A sterile 

10 µL pipette tip was used to collect cells from a single colony grown on an R2A plate which 

were then added to a 50 µL PCR mix. Each reaction mix contained 0.25 µL of 5 units µL-1 Taq 

DNA polymerase (Sigma-Aldrich, UK), 5 µL of 10x PCR buffer (Sigma-Aldrich, UK), 0.5 µL 

of 20 mg mL-1 BSA (New England Biolabs, UK), 1 µL of a 10 mM dNTP mix (Bioline, UK), 

43.05 µL of molecular grade water, 0.1 µL of the forward primer and 0.1 µL of the reverse 

primer. Negative controls with no cells added were included. The PCR program was set to an 

initial bacterial lysis and denaturing temperature of 95 °C for 5 min, followed by 30 cycles of 

95 °C for 15 sec, an annealing temperature of 50 °C for 30 sec, an extension temperature of 72 

°C for 1 min, and then a final extension temperature of 72 °C for 10 min. Successful PCR 

amplification was confirmed with SYBR Safe-stained (Life Technologies Corporation, CA, 

U.S.) agarose gel electrophoresis. PCR product was purified with the Zymo DNA clean-up kit 

according to the manufacturer’s protocol (Zymo Research, CA, U.S.), resulting in 35 µL ultra-

pure DNA eluted in molecular grade water. The DNA concentration was quantified using an 

Invitrogen Qubit dsDNA HS assay kit with the Qubit 3.0 fluorometer (Thermo Fisher Scientific, 

MA, U.S). 
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Purified PCR product was combined with 3.2 pmol of the 27F and 1429R primers and diluted 

to a DNA concentration of 1-4 ng µL-1 with molecular grade water to achieve a final volume of 

10 µL in a DNA LoBind Eppendorf tube. Prepared samples were sent to the University of 

Birmingham Functional Genomics, Proteomics and Metabolomics Facility, where 10 µL 

terminator dye was added to the PCR product for Sanger sequencing on the Applied Biosystems 

3730xl DNA analyser (Applied Biosystems, MA, U.S). 

The Seq Scanner v2.0 software (Applied Biosystems, MA, U.S) was used to check the quality 

score of each forward and reverse read. Each read was then imported into Geneious Prime 

v2021.0.1 (available at: https://www.geneious.com) to remove primers and trim ends where the 

error probability exceeded 5%. The forward and reverse reads were aligned and merged and 

each consensus sequence was imported into NCBI BLAST for taxonomic classification against 

the BLAST nucleotide collection (BLASTn) database (Altschul et al., 1990). The most closely 

related sequence in the database to each consensus sequence was determined based on percent 

nucleotide identity. 

 

6.3.3. Cultivation of bacterial isolates for 3-OH FA extraction 

Glycerol stocks of bacterial isolates were used to inoculate R2A plates, and colony morphology 

was examined to ensure a pure culture was retrieved. To obtain sufficient biomass for 3-OH-

FA extraction, isolates were grown in liquid culture. A 1 µL loop was used to select a single 

colony from a plate and inoculate 50 ml R2 broth in 250 ml acid-washed, autoclaved 

Erlenmeyer flasks sealed with parafilm. Liquid cultures were incubated at 20 °C and 200 rpm 

in the dark in an Infors HT Multitron incubator (Infors AG, Switzerland). To ensure cultures 

became acclimated to these conditions and exponential growth was maintained, two sub-
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culturing cycles were performed by transferring 500 µL of culture to 50 ml of fresh media every 

48 h. With each sub-culturing cycle, an R2A plate was inoculated, and colony morphology was 

examined to check for contamination. All cultures were handled in a UV-sterilised laminar flow 

cabinet to minimise contamination risk. 

To collect cells for 3-OH-FA extraction, 50 ml of each culture was transferred to a sterile 

centrifuge tube and centrifuged at 5000 rpm for 10 min. Liquid media and exudates were 

removed, and the pelleted cells were resuspended in 1 ml PBS in a sterile Eppendorf tube. The 

cells were washed three times by centrifuging at 15,000 rpm for 2 min, removing PBS and 

resuspending in fresh PBS. After the final wash, all remaining PBS was removed, taking care 

not to disturb the pellet. Washed, pelleted cells were stored at -80 °C prior to 3-OH-FA 

extraction. 

 

6.3.4. 3-OH FA extraction 

Pelleted cells of each bacterial isolate were resuspended in 500 μL of sterile deionised water 

and transferred to a furnaced glass centrifuge tube containing 5 ml 3 M HCl-MeOH. The 

solution was vortexed prior to heating on a Techne heating block (Cole-Parmer, IL, U.S.) at 70 

°C for 14 h for acid hydrolysis and methylation. Total lipid extract (TLE) was then extracted 

with DCM as described in Chapter 5, but solutions were sonicated in an Elmasonic sonicating 

bath (Fisherbrand, UK) for 20 min prior to each centrifugation step to aid lysis of cell 

membranes. TLE was cleaned by transferring the sample through a Na2SO4 column. Hydroxy 

FAMES (OH FAMES) were then separated from non-OH FAMES with silica gel column 

chromatography and derivatised with N, O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) prior 

to analysis on a gas chromatogram-mass spectrometer (GC-MS) (Agilent, CA, U.S.) as 
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described in Chapter 5. An aliquot of R2 broth (500 μL) was subjected to the same extraction 

protocol and included in the GC-MS run as a negative control. 

GC-MS data analysis was performed using the Agilent ChemStation software v01.11. 3-OH 

FA trimethylsilyl (TMSi) esters were identified as described in detail in Chapter 5. Briefly, iso 

(i), anteiso (a) and normal (n) isomers of chain lengths between C10 and C18 were identified 

based on their relative retention time, the presence of the diagnostic 175 m/z peak and the mass-

to-charge ratio (m/z) of the M+-15 base peak (Wang et al., 2021). Due to variability in the 

instrument’s measurement error, the diagnostic 175 m/z peak drifted to 177 m/z for the first of 

two GC-MS runs. Peaks corresponding to 3-OH FA TMSi esters were integrated and their 

relative abundances were determined. 

 

6.4. Results 

6.4.1. Taxonomic classification of bacterial isolates 

According to 16S rRNA gene sequence similarity with bacterial strains in the NCBI BLASTn 

database (Altschul et al., 1990), isolate B1 was most closely related to a strain of 

Flavobacterium sp. (Bacteroidetes) with a nucleotide identity of 99.4% and isolate E2 was most 

closely related to a strain of Flavobacterium pectinovorum with a nucleotide identity of 99.1% 

(Table 6.1). 

Isolate A6 was most closely related to a strain of Bradyrhizobium sp. (Proteobacteria, 

Alphaproteobacteria) with a nucleotide identity of 97.9%. Isolates D7, C9, D9 and F1 were 

each found to be most closely related to strains belonging to Betaproteobacteria. Isolate D7 was 

most closely related to a strain of Burkholderia sp. with a nucleotide identity of 97.4%, isolate 
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C9 to a strain of Variovorax boronicumulans (96.6%), isolate D9 to a strain of Collimonas 

fungivorans (96.9%), and isolate F1 to a strain of Massilia sp. (99.7%). 

Isolates D4, G1, B2 and A2 were each found to be most closely related to strains of 

Pseudomonas (Gammaproteobacteria). Isolate D4 was most closely related to Pseudomonas sp. 

strain MBQS34 with a nucleotide identity of 98.3%, isolate G1 to a strain of Pseudomonas 

chlororaphis subsp. aurantiaca (99.6%), isolate B2 to Pseudomonas sp. strain F-14 (99.9%) 

and isolate A2 to Pseudomonas sp. strain MSM-10-5 (94.5%). 

97% sequence similarity is currently accepted as the threshold for species delineation 

(Stackebrandt and Goebel, 1994). The lower percent nucleotide identity between isolates C9, 

D9 and A2 and their top matches in the NCBI BLASTn database indicated that these bacterial 

isolates may be novel strains or species.  
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Table 6.1. Sources of soil bacterial isolates and their top hit in the NCBI BLASTn database 
based on percent nucleotide identity. 

Bacterial 
isolate Source Top hit Top hit 

accession no. 
Nucleotide 
identity (%) 

B1 Tenerife, 
Spain 

Flavobacterium sp. 
strain CC8A2 KM187332.1 99.4 

E2 Tenerife, 
Spain 

Flavobacterium pectinovorum 
strain E27CS2 MK474994.1 99.1 

A6 Oxfordshire, 
England 

Bradyrhizobium sp. 
strain MG-2011-117-FT FR872447.1 97.9 

D7 Anglesey, 
Wales 

Burkholderia sp. 
strain BL23 I1R1 KR154603.1 97.4 

C9 Argyll & Bute, 
Scotland 

Variovorax boronicumulans 
strain Port 1 MT825595.1 96.6 

D9 Argyll & Bute, 
Scotland 

Collimonas fungivorans 
strain GM300 AB740927.1 96.9 

F1 Warwickshire, 
England 

Massilia sp. 
strain HY1-41 OR083862.1 99.7 

D4 Warwickshire, 
England 

Pseudomonas sp. 
strain MBWS34. (14) OP990590.1 98.3 

G1 Warwickshire, 
England 

Pseudomonas chlororaphis 
subsp. aurantiaca strain KR2-8 MN752851.1 99.6 

B2 Warwickshire, 
England 

Pseudomonas sp. 
strain F-14 MG266302.1 99.9 

A2 Warwickshire, 
England 

Pseudomonas sp. 
strain MSM-10-5 KY907020.1 94.5 

 

6.4.2. 3-OH FA composition of bacterial isolates 

Isolate B1 was found to produce the widest range of 3-OH FA isomers of all bacterial isolates 

studied (Table 6.2). This included a dominance of i-C17 with a relative abundance of 0.390 and 

i-C15 with a relative abundance of 0.271. Isolate B1 was the only isolate found to produce iso, 

anteiso and normal isomers of C15 and C17 3-OH FAs, although a trace (relative abundance < 

0.001) of i-C17 was detected in isolate G1. n-C14, n-C16 and a-C18 were the dominant 3-OH FA 

isomers detected in isolate E2, with a relative abundance of 0.239, 0.454 and 0.180, 

respectively. 
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Isolate A6 had the highest relative abundance of n-C10 and n-C14 3-OH FAs with a relative 

abundance of 0.107 and 0.842, respectively, and was the only isolate found to produce a-C14 of 

all isolates studied. Isolate D7 produced a dominance of n-C14 and n-C16 3-OH FAs, with a 

relative abundance of 0.434 and 0.549, respectively. Isolate C9 also produced a dominance of 

n-C16 with a relative abundance of 0.873. n-C12 was found to be the most relatively abundant 

3-OH FA isomer detected in isolates D9, F1, D4, G1, B2 and A2 and comprised more than 50% 

of all 3-OH FAs detected in each of these isolates except G1. n-C16 was also detected with a 

high relative abundance in isolates F1, D4 and G1. 

The even-chained normal 3-OH FA isomers, n-C10, n-C12 and n-C18, were detected in most 

bacterial isolates studied, and n-C14 and n-C16 were detected in all isolates. However, the odd-

chained normal 3-OH FA isomers, n-C11, n-C13, n-C15 and n-C17, were detected in a smaller 

proportion of the isolates with a lower relative abundance (< 0.023) than the even-chained 

normal isomers. iso and anteiso isomers of C10, C11 and C12 and i-C18 3-OH FAs were not 

detected in any isolate studied. Chromatograms for each bacterial isolate with peaks 

corresponding to 3-OH FA isomers identified are presented in Appendix E, Fig S1-11, and 

representative mass spectra of each isomer detected are presented in Appendix E, Fig. S12-31.  
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Table 6.2. Relative abundance of 3-OH FA isomers detected in bacterial isolates. 

 

6.5. Discussion 

6.5.1. Bacterial 3-OH FA producers 

Isolates B1 and E2 were each found to be closely related to a different strains of 

Flavobacterium. However, these two bacterial isolates produced a distinct combination of 3-

OH FAs. A wide range of 3-OH FA isomers were detected in isolate B1 including odd and even 

iso, anteiso and normal isomers between C12 and C17, and a particularly high relative abundance 

of i-C15 and i-C17. However, C15 and C17 isomers were not detected in isolate E2 which was 

instead characterised by a dominance of n-C14 and n-C16 3-OH FAs. Previous studies have 

3-OH 
FA 

Bacterial isolate 
B1 E2 A6 D7 C9 D9 F1 D4 G1 B2 A2 

n-C10 - 0.015 0.107 - 0.009 - 0.001 0.008 0.001 0.041 0.001 
n-C11 - - - - - - - 0.001 0.001 - - 
n-C12 0.012 0.029 - 0.011 - 0.879 0.554 0.541 0.453 0.861 0.651 
i-C13 0.008 - - - - - - - T - - 
a-C13 0.003 - - - - - - 0.002 - - - 
n-C13 0.002 - 0.001 0.001 - 0.001 0.003 T T - - 
i-C14 0.005 - - - - - - - - - - 
a-C14 - - 0.012 - - - - - - - - 
n-C14 0.015 0.239 0.842 0.434 0.003 0.029 0.006 0.036 0.017 0.006 0.004 
i-C15 0.271 - - - - - - - - - - 
a-C15 0.042 - - - - - - - - - - 
n-C15 0.013 - - - - - - - - - - 
i-C16 0.067 - - - 0.057 - - - T - 0.113 
a-C16 - 0.044 - - - - 0.040 - 0.001 0.016 0.090 
n-C16 0.089 0.452 0.025 0.549 0.873 0.088 0.341 0.400 0.202 0.061 0.059 
i-C17 0.390 - - - - - - - T - - 
a-C17 0.062 - - - - - - - - - - 
n-C17 0.023 - - - - - - - - - - 
a-C18 - 0.180 0.013 0.002 0.045 0.001 0.054 0.008 0.319 0.015 0.063 
n-C18 - 0.040 T 0.002 0.014 0.002 - 0.003 0.006 - 0.018 

i = iso, a = anteiso, n = normal 3-OH FA. T (trace) < 0.001, - = not detected. 
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reported that i-C15, n-C16 and i-C17 3-OH FAs are major fatty acids in a number of different 

species of Flavobacterium isolated from soils, freshwater sediment and clinical samples (Lipski 

et al., 1992; Moss and Dees, 1978). n-C14 3-OH FAs have also been identified in some species 

of Flavobacterium but it does not appear to be as widely produced compared to C15, C16 and 

C17 isomers (Yano et al., 1976). Production of C14-C17 3-OH FAs appears to be common among 

many other members of Bacteroidetes (Bernardet et al., 1996; Chen et al., 2016b; Fautz et al., 

1979; Johne et al., 1988; Lee et al., 2007; Lim et al., 2009; Miyagawa et al., 1979). However, 

the detection of C10, C12, C13 and C18 3-OH FAs which were detected in one or both isolates of 

Flavobacterium in the present study appear to be rare within Bacteroidetes (Liu et al., 2017b; 

Miyagawa et al., 1979). 

The 3-OH FA composition of isolates assigned to Alpha, Beta and Gammaproteobacteria were 

similar with a dominance of even-chained normal 3-OH FAs and an absence or low relative 

abundance (< 0.003) of odd-chained 3-OH FA isomers. However, the most abundant even-

chained 3-OH FA isomer differed between isolates. Isolate A6 was most closely related to a 

strain of Bradyrhizobium sp. (Alphaproteobacteria) and produced a dominance of n-C14. 

Isolates D7 and C9 were most closely related to strains of Burkholderia sp. and V. 

boronicumulans, respectively (Betaproteobacteria) and produced a dominance of n-C16. Isolates 

D9 and F1 which were most closely related to strains of C. fungivorans and Massilia sp., 

respectively (Betaproteobacteria), and isolates D4, G1, B2 and A2 which were each found to 

be most closely related to different strains of Pseudomonas (Gammaproteobacteria) all 

contained a dominance of n-C12. These results are consistent with previous studies which have 

also reported a dominance of even-chained normal 3-OH FAs, particularly C12, C14 and C16, in 

Alphaproteobacteria (Jarvis et al., 1996; Lipski et al., 1992; Rietschel, 1976; Skerratt et al., 

1992; Welch, 1991), Betaproteobacteria (Katayama-Fujimura et al., 1982; Lipski et al., 1992; 
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Rietschel, 1976; Welch, 1991; Yabuuchi et al., 2000) and Gammaproteobacteria (Ikemoto et 

al., 1978; Lipski et al., 1992; Parker et al., 1982; Rietschel, 1976; Skerratt et al., 1992; Welch, 

1991). However, there is evidence that some members of Alphaproteobacteria may also be 

capable of producing odd-chained 3-OH FA isomers including C15 and C17 (Jarvis et al., 1996; 

Skerratt et al., 1992). The presence of n-C12 3-OH FAs is remarkably consistent between many 

different species and strains of Pseudomonas isolated from a wide range of environmental and 

clinical samples (Ikemoto et al., 1978; Lipski et al., 1992; Rietschel, 1976; Welch et al., 1991; 

Wilkinson et al., 1973). However, even-chained 3-OH FAs other than C12 may be dominant in 

other members of Gammaproteobacteria, such as C10 which is consistently detected in many 

species of Xanthomonas (Rietschel, 1976), and C14 which appears to be characteristic of many 

genera belonging to Enterobacteriaceae including Escherichia, Salmonella, Shigella and 

Proteus (Rietschel et al., 1975). 

 

6.5.2. Implications for 3-OH FAs as palaeoclimate biomarkers 

Even-chained normal 3-OH FA isomers, particularly n-C12, n-C14 and n-C16, were detected with 

a higher relative abundance than the odd-chained normal isomers in the majority of the bacterial 

strains isolated in the present study. Previous studies have also reported a dominance of these 

even-chained 3-OH FAs in a number of bacterial groups, including Proteobacteria (Lipski et 

al., 1992; Rietschel, 1976; Welch, 1991), Fusobacteria (Jantzen and Hofstad, 1981; Miyagawa 

et al., 1979; Rietschel, 1976) and Myxococcota (Fautz et al., 1979; Rosenfelder et al., 1974). 

These results suggest that many bacterial taxa may predominantly produce even-chained 

normal 3-OH FAs and this could explain why even-chained normal 3-OH FAs have been found 

to dominate soil (Chapter 5; Huguet et al., 2019; Véquaud et al., 2021; Wang et al., 2016), lake 

sediment (Chapter 5; Yang et al., 2021) and marine sediment samples (Dong et al., 2023; Yang 
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et al., 2020). While a number of different bacterial groups may produce even-chained 3-OH 

FAs, their abundance in the environment could be largely driven by Proteobacteria which were 

found to produce mostly even-chained isomers in the present study and previous studies 

(Ikemoto et al., 1978; Lipski et al., 1992; Rietschel, 1976; Welch et al., 1991; Wilkinson et al., 

1973), and are also frequently found to be the most abundant phylum in soil (Chapter 5, Fierer 

et al., 2007; Janssen, 2006), lake sediment (Wan et al., 2017; Zhang et al., 2014) and marine 

sediment (Li et al., 2009; Vipindas et al., 2020) bacterial communities. 

Isomers of C15 and C17 3-OH FAs form the basis of the temperature proxies, RAN15, RAN17 

(Wang et al., 2016) and RIN17 (Yang et al., 2021). C15 and C17 isomers were only detected with 

a relative abundance greater than 0.001 in one isolate in the present study (B1, Flavobacterium 

sp.), and although they were not detected in the other isolate of Flavobacterium (E2, F. 

pectinovorum), previous studies have shown that many members of the phylum Bacteroidetes 

including Flavobacterium produce a dominance of C15 and C17 3-OH FA isomers (Bernardet et 

al., 1996; Lipski et al., 1992; Miyagawa et al., 1979; Moss and Dees, 1978; Yano et al., 1976). 

Flavobacterium and other Bacteroidetes genera may therefore be among the main producers of 

C15 and C17 3-OH FAs. Bacteroidetes are a dominant bacterial phylum in soils (Chapter 5, Fierer 

et al., 2007), and their relative abundance has been found to be strongly influenced by soil 

temperature (Oliverio et al., 2017). Furthermore, the 3-OH FA composition of Bacteroidetes 

has been shown to be highly responsive to temperature in laboratory cultures (Hellequin et al., 

2023). Bacteroidetes could therefore be important drivers of the relationship observed between 

the RAN15, RAN17 and RIN17 indices and temperature. 

Isomers of C13 3-OH FAs form the basis of RAN13 index which is another important 

temperature proxy with applications in lake and marine surface sediments (Chapter 5; Yang et 

al., 2020, 2021). While C13 3-OH FAs were detected in a number of bacterial isolates including 
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B1, A6, D7, D9, F1, D4 and G1, the relative abundance of C13 isomers was low. Previous 

studies have shown that C13 3-OH FA isomers may be among the major fatty acids produced 

by several members of Acidobacteria (Dedysh et al., 2012; Eichorst et al., 2007; Losey et al., 

2013; Pankratov et al., 2012). Acidobacteria are one of the dominant bacterial phyla in soils 

(Chapter 5; Janssen, 2006; Kalam et al., 2020), lake sediments (Huang et al., 2019) and marine 

sediments (Du et al., 2011), and could therefore be one of the main contributors to the 

relationship observed between RAN13 and temperature. However, production of C13 3-OH FAs 

does not appear to be consistent among all Acidobacteria isolates (Dedysh et al., 2012; 

Pankratov et al., 2012). Acidobacteria are notoriously difficult to culture in the laboratory 

(Kielak et al., 2016), but further study of the 3-OH FA composition of a wider diversity of 

Acidobacteria is needed to elucidate the role of these bacteria in environmental 3-OH FA 

signals. 

The importance of the bacterial community in determining 3-OH FA distribution and proxy 

performance in environmental samples has been demonstrated (Chapter 5; Yang et al., 2020, 

2021). Here we show that 3-OH FA composition can vary among bacterial isolates, and that the 

bacterial sources of 3-OH FA isomers should therefore be taken into consideration when 

developing reliable 3-OH FA proxies. The ubiquitous nature of biomarkers is important to allow 

comparisons between proxy calibrations performed in different environments and regions to be 

made. Even-chained 3-OH FAs are much more abundant in the environment than odd-chained 

isomers (Chapter 5; Dong et al., 2023; Huguet et al., 2019; Véquaud et al., 2021; Wang et al., 

2016; Yang et al., 2020, 2021) and may be produced by a wide range of bacterial groups that 

dominate bacterial communities. The ratio of even-chained normal, iso and anteiso 3-OH FA 

isomers may therefore be promising candidates for development as proxies which can be 

applied to a wide variety of environments and regions. However, C15 and C17 3-OH FAs may 
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be predominantly produced by Bacteroidetes, and the more restricted bacterial source compared 

to many of the even-chained 3-OH FAs may lead to more consistent relationships between 

environmental conditions and proxies based on these isomers, such as RAN15, RAN17 and RIN17 

indices. 

 

6.5.3. Conclusions 

These results and those of previous studies indicate that different bacterial taxonomic lineages 

may produce a characteristic suite of 3-OH FAs, with members of Bacteroidetes predominantly 

producing C15, C16 and C17 3-OH FA isomers and members of Proteobacteria predominantly 

producing even-chained normal 3-OH FAs. However, each 3-OH FA isomer is unlikely to be 

unique to a single taxonomic lineage as many 3-OH FAs such as n-C14 and n-C16 were detected 

in isolates of Bacteroidetes and multiple classes of Proteobacteria. This variation in 3-OH FA 

production within and between taxonomic lineages may explain the trends in 3-OH FA 

distribution and discrepancies in proxy performance observed in different environments and 

regions. Therefore, it is recommended that bacterial community composition should be 

accounted for in future 3-OH FA proxy calibrations and should also be considered when 

developing reliable 3-OH FA proxies. 

Culture-based analysis of bacterial 3-OH FA production is biased towards readily cultured or 

well-studied isolates, and our understanding of bacterial 3-OH FA production is therefore 

largely based on members of Bacteroidetes and Proteobacteria which are readily cultured in the 

laboratory (Lewis et al., 2020). Future efforts should focus on isolating a wide diversity of 

bacteria including those from underrepresented and difficult to culture groups to determine their 

3-OH FA composition such as Acidobacteria. Numerous studies focusing on characterising 
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novel bacterial strains have determined their membrane lipid composition, including their 

ability to produce 3-OH FAs (Chen et al., 2015; Králová et al., 2018; Lee et al., 2007; Lim et 

al., 2009; Liu et al., 2017b; Yabuuchi et al., 2000). A comprehensive and systematic review of 

these studies may be particularly useful for identifying taxonomic patterns in 3-OH FA 

production. Furthermore, genomic studies of 3-OH FA biosynthesis pathways may allow the 3-

OH FA composition of unculturable bacteria to be predicted based on metagenomic data. 

Further research is also needed to understand how 3-OH FA production by a wider diversity of 

bacteria varies in response to conditions such as temperature and pH, as previously shown by 

Hellequin et al. (2023) for three closely related isolates of Bacteroidetes, in addition to 

conditions such as nutrient concentrations which may also influence 3-OH FA production. 3-

OH FA proxy calibrations obtained from laboratory cultures could be compared with 

environmental calibrations to improve our understanding of which bacterial taxa are the main 

drivers responsible for the relationship observed between these proxies and environmental 

conditions.  
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Chapter 7: General Discussion  
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7.1. Is sedDNA an effective approach to reconstruct microbial communities? 

Lake sedDNA (sedimentary DNA) is a promising approach to reconstruct past microbial 

communities, but its application in palaeolimnology is limited by a number of uncertainties 

concerning the reliability of community reconstructions, and the source and fate of DNA in 

lakes and lake sediments (Capo et al., 2021; 2022). The ability of sedDNA to provide a 

palaeolimnological record of past bacterial and phytoplankton communities was assessed in 

Chapters 2 and 3, respectively, and deposition of bacterial and eukaryotic microbial DNA to 

the sediment and possible evidence of DNA degradation were explored in Chapter 4. The main 

findings of each chapter are discussed below, in addition to the outstanding questions that 

require further study to enable the development of microbial sedDNA as a reliable 

palaeolimnological tool. 

 

7.1.1. sedDNA as a record of past bacterial communities 

Bacterial sedDNA has significant potential in palaeolimnology because bacteria are often 

neglected in microscopy-based monitoring schemes and by traditional palaeolimnological tools 

due to difficulties in identification by morphology, their small size, variable deposition, and an 

absence of well-preserved and taxonomically distinct remains (Capo et al., 2021). However, 

sedDNA reconstructions of the lake bacterial community are uncertain due to the possibility of 

overprinting of the temporal signal by active heterotrophic sediment communities (Thupaki et 

al., 2013; Vuillemin et al., 2017), and previous attempts to reconstruct past bacterial 

communities using sedDNA are rare (Li et al., 2019a). 

In Chapter 2 (Thorpe et al., 2022), we reconstructed over 100 years of lake bacterial community 

change, showing that bacterial phyla displayed distinct trends in their relative abundance, 
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possibly in response to eutrophication. The cyanobacterial temporal trend was validated by 

comparable trends observed in the long-term microscopy-based monitoring record of 

cyanobacterial richness in the surface water, and known pelagic bacteria were successfully 

detected in the sediment. Temporal trends in the relative abundance of the dominant bacterial 

phyla reconstructed using sedDNA were also shown to be similar between replicate sediment 

cores collected from Esthwaite Water on the same date (Chapter 2, Thorpe et al., 2022) and 

several years later (Appendix B, Fig S1 and Chapter 4), demonstrating the robustness of the 

sedDNA approach to reconstruct past bacterial community change. These results indicated that 

sedDNA can be a useful tool to reconstruct past bacterial community change. However, 

bacterial sedDNA records may be confounded by contribution from in situ sediment bacterial 

communities. To ensure the reliability of sedDNA, clear distinctions must therefore be made to 

separate relic DNA of past bacterial communities from modern DNA of the active bacterial 

community at depth within the sediment. 

 

7.1.2. sedDNA as a record of past phytoplankton communities 

sedDNA reconstructions of past phytoplankton communities are more common in 

palaeolimnology compared to bacterial community reconstructions (Capo et al., 2016; Huo et 

al., 2022; Ibrahim et al., 2020; Zhang et al., 2021b). When studying past communities of 

photosynthetic microbes in deep lakes, there is more certainty that the fraction of sedDNA 

originating from active sediment communities is minor in comparison to that which may have 

been deposited from the water column over time. However, differential DNA degradation and 

deposition may influence the reliability of the reconstructed temporal trends, and validation of 

the sedDNA record with concurrent monitoring is therefore needed. 
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In Chapter 3, it was found that the phytoplankton sedDNA record was generally supported by 

long-term microscopy-based monitoring of phytoplankton in the surface water, with broadly 

comparable trends observed in the relative abundance and occurrence of the dominant 

phytoplankton phyla over the 65-year period shared between the sedDNA and microscopy-

based records. Up to 20% of genera were successfully captured using both methods, and 

sedDNA also proved to be effective at capturing phytoplankton genera previously overlooked 

using microscopy. However, our comparisons between sedDNA and microscopy-based 

monitoring revealed an off-set in the timing of the onset of community change, possibly due to 

taphonomic processes or dating inaccuracies of the sedDNA record, and identified a number of 

phytoplankton taxa which were poorly represented with sedDNA, including cryptophytes and 

a substantial number of bacillariophyte genera. Before sedDNA can reliably be used to 

reconstruct past microbial communities, further research is needed to investigate the possible 

reasons why certain taxa were underrepresented, which may be related to DNA degradation, 

poor deposition, limited coverage in reference databases or poor amplification with the chosen 

broad-range amplicon primers. 

 

7.1.3. Tracing microbial sedDNA from the water column to the sediment 

The results of Chapter 2 (Thorpe et al., 2022) and Chapter 3 revealed that sedDNA does have 

significant potential to be used as a record of past bacterial and phytoplankton community 

change but highlighted that the transport and preservation of DNA in lakes and lake sediments 

and the influence of these processes on the reliability of the sedDNA record require further 

study. To address this need in Chapter 4, a microbial source tracking (MST) approach was 

applied to the bacterial and eukaryotic microbial sedDNA records to trace transport of DNA 

likely originating from the water column to the sediment on a seasonal scale. The MST 
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approach revealed that a substantial proportion of deposited bacterial and eukaryotic microbial 

sedDNA may derive from the water community in the summer, possibly because productivity 

and community turnover are high, and aggregations of cells and organic matter during algal and 

cyanobacterial blooms may promote sinking of cells and DNA. sedDNA reconstructions may 

therefore be biased towards past microbial communities that were present in the water column 

during periods of greater productivity. Contribution from the bacterial near-surface water 

community to the sedDNA record was much lower compared to that from deeper within the 

water column and from the eukaryotic water community, indicating that due to their small size, 

bacteria may not easily overcome the barrier of stratification. Furthermore, a number of 

dominant bacterial phyla detected in the sediment were found to be relatively rare in the water 

column. The fraction of bacterial sedDNA that was deposited from the water column may 

therefore be relatively small, and bacterial sedDNA reconstructions may only represent 

temporal responses of a subset of the community. 

Quantitative PCR (qPCR) was performed to understand how the detection and therefore 

preservation of DNA may change down-core. The concentration of bacterial and cyanobacterial 

16S rRNA gene copies was found to decline with sediment depth. The results of qPCR and 

MST suggest that the detectability of deposited DNA may diminish over time, which could be 

a consequence of DNA degradation. The relatively low and stable relative abundance of 

cyanobacteria (Chapter 2) and phytoplankton (Chapter 3) observed in older sediments could 

also be interpreted as further evidence of DNA degradation. Taken together, these results 

indicate that at least some DNA degradation is likely to have occurred down-core, and further 

research is needed to determine the extent of this DNA degradation for different taxa. However, 

the MST approach was limited by the relatively small number of sources that were sampled 

within one year. Due to interannual turnover of microbial communities, the water samples were 
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unlikely to be representative of past water column communities. In older sediments, DNA that 

was deposited from past water column communities may therefore not have been detected as 

originating from the water column and could partly explain the decline in estimated contribution 

down-core. Concurrent analyses of water column and deposited sediment microbial 

communities over time periods spanning multiple years are needed to further investigate how 

DNA is transported and preserved in the sediment. 

 

7.1.4. Summary 

These results suggest that sedDNA can be used to reconstruct past bacterial and eukaryotic 

microbial communities over a period of up to 100 years, and it was shown that: 

(i) sedDNA is capable of capturing some pelagic history of bacterial and phytoplankton 

communities, possibly in response to environmental drivers such as eutrophication, 

(ii) these reconstructions are broadly comparable with the trends observed in the long-

term microscopy-based monitoring records of cyanobacteria and eukaryotic 

phytoplankton, 

(iii) deposition of DNA to the sediment may vary seasonally, according to depth within 

the water column, and between taxa, 

(iv) and the detection of deposited DNA in older sediments may be reduced, possibly 

due to an accumulation of DNA degradation. 

To improve the reliability of sedDNA reconstructions of past microbial communities, our 

results highlight that there is a need to better characterise the depositional and taphonomic 

processes that may act differently on certain taxa and lead to biases in palaeolimnological 
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reconstructions, and to further distinguish deposited, relic DNA from that which originates from 

active communities within the sediment. 

 

7.1.5. Recommendations for further study of sedDNA in palaeolimnology 

7.1.5.1. Source and fate of sedDNA 

To better characterise the depositional processes sedDNA is subject to, detailed studies of the 

microbial communities residing in lake water and sediments and how their communities change 

over longer periods of time are needed. This could improve our understanding of the 

connectivity between water and sediment communities and how cells and DNA may be 

transported between them. These studies may benefit from the use of sediment traps which 

allow collection of deposited DNA separate from that which originates from in situ sediment 

communities (Gauthier et al., 2021; Nwosu et al., 2021). Furthermore, seasonally laminated 

sediment cores are rare, but seasonal analysis of the material deposited within the sediment 

traps may allow the detection of more detailed intraannual trends in deposition (Apolinarska et 

al., 2020). 

Microcosm experiments have proven to be useful to investigate the rate of DNA degradation. 

The concentration of DNA can be monitored over time, and the influence of different 

environmental conditions on the rate of DNA degradation can be investigated by manipulating 

incubation conditions (Mejbel et al., 2022). Previous studies have focused on the degradation 

of cyanobacterial DNA (Mejbel et al., 2022), but further studies investigating the extent of 

DNA degradation among different microbial taxa are needed. 
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7.1.5.2. Separating relic and modern sedDNA 

To further distinguish between the fraction of sedDNA that was deposited from the water 

column over time and that which may have originated from active sediment communities, 

comparisons of extracellular and intracellular DNA or DNA and RNA down-core may be 

useful. Extracellular DNA may largely be derived from lysed dead cells while intracellular 

DNA may represent intact live cells (Torti et al., 2015). Extracellular DNA could be separated 

from intracellular DNA by avoiding cell lysis during DNA extraction (Gauthier et al., 2022) or 

with the use of DNA binding dyes that cannot permeate intact cells and so inhibit PCR 

amplification of extracellular DNA only, such as propidium monoazide (Ramírez et al., 2018). 

Previous studies have demonstrated that reconstructed trends of the eukaryotic microbial 

community based on intracellular and extracellular sedDNA differ, and it has been suggested 

that they may represent modern and relic sedDNA, respectively (Gauthier et al., 2022). While 

the total pool of sedDNA may include both modern and relic DNA, sedimentary RNA 

(sedRNA) could be assumed to originate only from the actively metabolising community due 

to its instability in the environment (Pearman et al., 2021). DNA and RNA can be independently 

extracted from sediments by following different extraction protocols, and taxa poorly 

represented with sedRNA but well represented with sedDNA may indicate that they are not 

active within the sediment (Pearman et al., 2021). Analyses of sedRNA or intracellular DNA 

can therefore give an indication of contribution from active communities to the sedimentary 

record. However, intracellular DNA may also originate from dormant cells or robust dead cells 

and extracellular DNA may be actively released by live cells, and relic RNA may exist if 

stabilised within the sediment matrix (Torti et al., 2015). These techniques have not been widely 

applied to lake sediment cores, and their ability to separate relic and active microbial 

communities therefore needs further assessment. 
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7.1.5.3. Potential of metabarcoding in long-term monitoring schemes 

Validation of the sedDNA record in Esthwaite Water was made possible by the ongoing lake 

monitoring scheme run by the UK Centre for Ecology & Hydrology. Our comparisons between 

the sedDNA and microscopy-based records revealed that while a proportion of the 

phytoplankton community was captured using both methods, sedDNA and microscopy were 

each capable of detecting a unique community of phytoplankton not detected by the other 

method. Molecular methods are typically considered to be more sensitive and can distinguish 

microbial taxa at the sequence level (MacKeigan et al., 2022), and reference sequence database 

coverage is continually improving (Glöckner et al., 2017). Combining metabarcoding with 

microscopy in long-term monitoring schemes therefore has significant potential to broaden their 

scope to study the seasonal and interannual temporal dynamics of the wider lake community 

beyond phytoplankton, which have been a focus of monitoring schemes in the English Lake 

District and globally (Burlakova et al., 2018; Hampton et al., 2008), to also include lake biota 

such as bacteria and improve the detection of taxa that may be difficult to identify with 

microscopy alone. In turn, the use of metabarcoding in long-term monitoring schemes may 

enable further validation of sedDNA records, particularly of bacterial sedDNA records which 

remain uncertain due to contribution from active sediment communities. 

 

7.2. Exploring the bacterial producers of 3-OH FAs 

Proxies based on bacterial 3-hydroxy fatty acids (3-OH FAs) have been proposed as novel 

palaeoclimate biomarkers. However, the main bacterial producers of 3-OH FAs in different 

environments are yet to be confirmed, and this information is needed to further their 

development as biomarkers for reliable palaeoclimate reconstructions. To address this need, 
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Chapter 5 explored how bacterial community composition may influence variation in 3-OH FA 

distribution and the performance of proxy calibrations in soil and lake surface sediments. 

Chapter 6 focussed on identifying possible bacterial producers of 3-OH FA isomers in pure 

culture. The main findings of these chapters are summarised below, and the implications and 

recommendations for the use of 3-OH FAs as palaeoclimate biomarkers are discussed. 

 

7.2.1. The relationship between the bacterial community and 3-OH FAs 

Comparisons of 3-OH FA proxy calibrations performed in different locations have highlighted 

the existence of region-specific variation in the relationship between 3-OH FA proxies and 

environmental temperature and pH (Véquaud et al., 2021; Wang et al., 2021), and some proxies 

appear to be applicable only to soil, lake or marine environments (Yang et al., 2020, 2021). It 

has been suggested that bacterial community composition may drive this variation, but previous 

studies combining analyses of 3-OH FAs and the bacterial community are restricted to a small 

subset of samples (Yang et al., 2020, 2021). Associations between 3-OH FAs and the bacterial 

community across large environmental gradients of temperature, precipitation and pH in soils 

and lake surface sediments were therefore explored with a correlation-based approach in 

Chapter 5. Soil and lake sediment bacterial communities were found to be highly distinct, and 

3-OH FAs extracted from soils and lake sediments may therefore be produced by bacteria 

specific to each environment. If producers in soils and lake sediments respond differently to 

their environment, this may explain the poor performance of soil-based proxies in lake 

sediments. Associations between each 3-OH FA isomer and a particular taxonomic lineage 

were not apparent, suggesting that 3-OH FAs may be produced by a variety of bacterial taxa 

across multiple lineages. However, this correlation-based approach was limited in its ability to 
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distinguish producer relationships from co-occurrence and emphasised the need for culture-

based analysis to confirm the producers of each 3-OH FA isomer. 

 

7.2.2. Bacterial producers of 3-OH FAs 

To identify the bacterial producers of 3-OH FAs and explore how 3-OH FA production may 

vary between taxonomic lineages, strains of bacteria isolated from soil were grown in pure 

culture and their 3-OH FAs were extracted and analysed in Chapter 6. These results suggested 

that 3-OH FA composition may be broadly similar within taxonomic lineages. Bacteroidetes 

may predominantly produce C16, C16 and C17 3-OH FA isomers and could therefore be a major 

driver of the relationships observed between RAN15, RAN17 and RIN17 indices and temperature 

(Wang et al., 2016; Yang et al., 2021). Proteobacteria appeared to produce mostly even-chained 

3-OH FAs and as a dominant phylum in a variety of different environments (Chapter 5; Fierer 

et al., 2007; Janssen, 2006; Li et al., 2009; Vipindas et al., 2020; Wan et al., 2017; Zhang et 

al., 2014), this may explain the abundance of even-chained isomers observed in environmental 

samples (Chapter 5; Dong et al., 2023; Huguet et al., 2019; Véquaud et al., 2021; Wang et al., 

2016; Yang et al., 2020, 2021). However, these results also revealed that some 3-OH FA 

isomers can be produced by multiple taxonomic lineages and 3-OH FA composition may vary 

between taxa within the same phylum, class or even genera. This finding supports the 

conclusions of Chapter 5 and provides evidence that while some taxonomic patterns in 3-OH 

FA composition exist, each 3-OH FA isomer may be produced by a variety of bacterial taxa 

across multiple taxonomic lineages. To ensure the development of 3-OH FAs as reliable 

palaeoclimate biomarkers, future proxy calibrations should assess bacterial community 

composition to account for possible sources of variation. The bacterial producers of 3-OH FAs 

should also be taken into consideration to inform the development of novel 3-OH FA proxies 
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which can be applied to a wide range of environments and regions and show strong and 

consistent responses to environmental conditions. 

 

7.2.3. Summary 

The results of Chapters 5 and 6 demonstrated that variation in bacterial community composition 

may lead to discrepancies in 3-OH FA distribution and proxy performance in environmental 

samples, possibly due to bacterial taxa producing a distinct suite of 3-OH FAs, and it was shown 

that: 

(i) temperature and pH proxies based on 3-OH FAs have differential success in soils 

compared to lake sediments, 

(ii) 3-OH FAs extracted from soils and lake sediments may be produced by distinct 

communities of bacteria specific to each environment, 

(iii) and although there may be broad-scale taxonomic patterns in 3-OH FA composition, 

each 3-OH FA isomer may be produced by a range of bacterial taxa across multiple 

taxonomic lineages. 

However, further study is needed to analyse and compare the composition of 3-OH FAs 

produced by a wider diversity of bacteria and determine how 3-OH FA production may vary in 

response to conditions including growth temperature and pH. This information may further the 

development and allow refinement of 3-OH FA palaeoclimate proxies that can be applied to a 

range of different environments and locations. 
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7.2.4. Recommendations to further elucidate the producers of 3-OH FAs 

7.2.4.1. Production of 3-OH FAs by a wide diversity of bacteria 

The results of Chapter 5 suggested that the bacterial producers of 3-OH FAs may differ between 

soils and lake sediments, and while Chapter 6 revealed that different bacterial lineages may 

produce different 3-OH FAs, these results were restricted to a small number of bacterial strains 

isolated from soil. Further study is therefore needed to isolate bacteria from both soils and lake 

sediments to investigate how 3-OH FA production may vary between bacteria isolated from 

different environments. An assessment of the 3-OH FAs produced by a much wider diversity 

of bacteria is also needed, particularly those with few cultured representatives such as 

Acidobacteria (Kielak et al., 2016). Some bacterial taxa may be difficult to obtain in pure 

culture because they may have slow growth rates, require specific nutrients or are syntrophic 

and require co-culture with other taxa (Chaudhary et al., 2019; Pham and Kim, 2012). Longer 

incubation times, lower nutrient concentrations and growth media that mimics the natural 

environment and contains specific growth factors may improve the recovery of previously 

uncultured bacteria from environmental samples (Bollmann et al., 2007; Janssen et al., 2002; 

Pham and Kim, 2012). 

Growth of bacterial isolates over a range of different temperatures and pH levels and analysis 

of their 3-OH FAs may improve our understanding of the role of 3-OH FAs in homeoviscous 

membrane adaptation, as demonstrated by Hellequin et al. (2023) for three Bacteroidetes 

strains. If repeated for a wide diversity of bacterial isolates, this may reveal whether 3-OH FA 

production in response to growth conditions differs within or between taxonomic lineages. 

Furthermore, 3-OH FA indices can be calculated based on the 3-OH FA isomers extracted from 

these pure bacterial cultures and correlated with growth temperature or pH for a comparison 

with environmental proxy calibrations. This may allow the dominant bacterial taxa contributing 
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to the relationships observed between each 3-OH FA index and temperature or pH to be 

identified. However, responses from bacterial cultures may not be representative of those in the 

natural environment due to possible acclimation to laboratory conditions and strain 

domestication (Eydallin et al., 2014). Experimental sites such as the Rothamsted UK soil 

experiment (Jenkinson, 1991) where conditions such as soil pH and nutrient concentrations 

have been manipulated over long time periods may therefore be particularly useful for studying 

bacterial responses in a controlled environmental setting (Bull et al., 2000; Pietri and Brookes, 

2008). For example, with paired 3-OH FA and bacterial community analyses in experimental 

soils covering a large pH gradient, the community response and influence on 3-OH FA 

distribution can be studied. Bacterial 3-OH FA responses to pH are poorly understood compared 

to responses to temperature (Hellequin et al., 2023), and Chapter 5 highlighted the difficulty 

associated with identifying bacterial community responses to co-correlating environmental 

conditions. This approach may allow separation of the bacterial membrane response to 

conditions such as pH from other environmental variables such as soil type, MAAT, MAP or 

geographic location which remain relatively consistent, and possibly allow a 3-OH FA proxy 

based on a specific response to pH to be refined. 

 

7.2.4.2. Identification of 3-OH FA genes 

A number of genes involved in the addition of 3-OH carbon chains to lipid A have been 

identified, including lpxA, lpxD, lpxM and lpxL (Raetz et al., 2008). Genomic and 

transcriptomic studies of a wide diversity of bacterial isolates found to produce different 3-OH 

FA isomers may reveal whether these key acyltransferase genes are differentially expressed in 

different taxonomic lineages and in taxa exposed to different growth conditions. Knowledge of 

the genes responsible for 3-OH FA production in different bacterial taxa may allow their 3-OH 
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FA composition to be predicted based on metagenomic data, which is particularly useful for 

taxa that are difficult to obtain in pure culture. 

A comprehensive understanding of 3-OH FA producers may allow the development of reliable 

3-OH FA proxies based on the responses of bacterial membranes to temperature or pH 

independently, or on the responses of specific members of the bacterial community which may 

be widely distributed and produce a subset of 3-OH FA isomers which show strong, well-

characterised responses to environmental conditions that are consistent between sample types 

and regions. The development and refinement of bacterial 3-OH FA proxies that can be applied 

widely to sedimentary archives are crucial for producing reliable palaeoclimate reconstructions. 

 

7.3. Thesis conclusions 

The results of this thesis have shown that sedDNA can be used to reconstruct past bacterial and 

eukaryotic microbial communities over timescales of up to 100 years. sedDNA can be applied 

to the wider microbial community and may provide a higher taxonomic resolution compared to 

traditional pigment, lipid or microfossil biomarkers. With improved reference sequence 

database coverage, sedDNA also has the potential to provide a higher taxonomic resolution 

compared to microscopy-based monitoring records. However, the reliability of sedDNA-based 

reconstructions is likely dependent on the extent of differential deposition and degradation and 

contribution from active sediment communities, which require further study. 

This thesis has also revealed that bacteria across different taxonomic lineages may produce a 

distinct suite of 3-OH FAs, and the bacterial community may therefore be an important source 

of variation in regional 3-OH FA calibrations performed in different environments. It is 

recommended that the possible bacterial sources of 3-OH FAs are considered when developing 
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3-OH FA palaeoclimate proxies for use in different environments. 3-OH FAs have previously 

been shown to be effective palaeoclimate biomarkers in both terrestrial and marine 

environments (Dong et al., 2023; Wang et al., 2018; Yang et al., 2020), and their production 

by a range of different bacterial taxa suggests that 3-OH FAs have the potential to be applied 

more widely compared to other bacterial lipid palaeoclimate biomarkers, which may not be 

applicable to terrestrial environments, and whose bacterial sources are uncertain. 

Although all microbial biomarkers are associated with a number of biases which must be 

considered when producing palaeoenvironmental reconstructions, each biomarker can provide 

complementary information. Where possible, the application of multiple microbial biomarkers 

to sedimentary archives is likely to be the most effective approach for producing 

comprehensive, detailed and reliable reconstructions of past ecosystems and climates.  
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Appendix A: Supplementary information to Chapter 2 

 

Figure S1. Map of Esthwaite Water in the Lake District, UK, showing the location of the coring 
and water sampling site (red circle). 

 

Table S1. Fallout radionuclide concentrations in the 2014 reference sediment core. 

Depth Total 210Pb Unsupported 
210Pb 

Supported 
210Pb 

137Cs 241Am 

cm g cm-2 Bq kg-1 SD Bq kg-1 SD Bq kg-1 SD Bq kg-1 SD Bq kg-1 SD 

0.25 0.01 418.3 15.8 357.0 16.1 61.4 3.1 46.0 2.4 0.0 0.0 
2.25 0.16 512.5 16.5 443.6 16.8 68.9 3.1 52.1 2.6 0.0 0.0 
4.25 0.38 513.4 16.2 431.5 16.5 81.9 3.4 64.1 2.8 0.0 0.0 
6.25 0.60 501.1 19.9 436.5 20.2 64.6 3.5 61.5 2.9 0.0 0.0 
8.25 0.81 482.4 21.1 403.0 21.5 79.4 4.4 72.2 3.7 0.0 0.0 
10.25 1.03 351.3 16.6 265.8 17.0 85.4 3.6 128.0 3.7 0.0 0.0 
12.25 1.30 305.9 18.0 216.2 18.4 89.7 3.9 137.2 3.9 0.0 0.0 
14.25 1.57 296.1 19.5 226.4 20.0 69.7 4.2 106.4 4.1 0.0 0.0 
16.25 1.85 273.8 12.9 197.8 13.2 76.0 3.0 108.4 2.8 0.0 0.0 
18.25 2.13 233.6 14.8 156.2 15.3 77.3 3.7 121.5 3.7 0.0 0.0 
20.25 2.42 185.0 10.6 113.4 10.9 71.6 2.8 129.1 2.9 3.6 1.0 
22.25 2.73 213.5 17.9 138.4 18.4 75.1 4.2 150.2 4.4 5.9 1.7 
24.25 3.05 127.0 8.7 59.5 9.0 67.5 2.3 41.8 1.8 0.0 0.0 
26.25 3.45 133.4 12.6 67.5 13.0 65.9 3.2 28.3 2.5 0.0 0.0 
28.25 3.84 102.1 8.5 29.1 8.9 72.9 2.4 12.5 1.4 0.0 0.0 
29.75 4.17 76.8 7.3 19.8 7.5 57.0 2.0 7.8 1.1 0.0 0.0 
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Table S2. 210Pb chronology of the 2014 reference sediment core. 

Depth Chronology Sedimentation rate 

cm g cm-2 Year Age (years from 2014) SD g cm-2 y-1 cm y-1 SD (%) 

0.00 0.00 2014 0 0    
0.25 0.01 2014 0 0 0.058 0.81 5.2 
2.25 0.16 2011 3 1 0.051 0.55 4.6 
4.25 0.38 2007 7 2 0.043 0.40 4.8 
6.25 0.60 2001 13 2 0.037 0.35 5.7 
8.25 0.81 1995 19 2 0.034 0.31 6.4 
10.25 1.03 1988 26 3 0.042 0.34 7.6 
12.25 1.30 1983 31 3 0.064 0.48 9.6 
14.25 1.57 1980 34 4 0.071 0.51 10.1 
16.25 1.85 1976 38 4 0.064 0.46 9.0 
18.25 2.13 1971 43 5 0.070 0.49 12.1 
20.25 2.42 1967 47 5 0.073 0.48 13.1 
22.25 2.73 1963 51 6 0.038 0.25 17.1 
24.25 3.05 1951 63 6 0.024 0.15 17.9 
26.25 3.45 1936 78 7 0.024 0.12 17.9 
28.25 3.84 1917 97 10 0.024 0.11 17.9 
29.75 4.17 1903 111 12 0.024 0.11 17.9 

 

Table S3. Chronology of the 2014 reference sediment core with sample depth corrected to 2016 
using the sedimentation rate to allow for comparison with sediment cores collected in 2016. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Corrected depth (cm) Age (years from 2016) SD 
0.00 0 0 
1.62 2 0 
1.87 2 0 
3.87 5 1 
5.87 9 2 
7.87 15 2 
9.87 21 2 
11.87 28 3 
13.87 33 3 
15.87 36 4 
17.87 40 4 
19.87 45 5 
21.87 49 5 
23.87 53 6 
25.87 65 6 
27.87 80 7 
29.87 99 10 
31.37 113 12 
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Figure S2. Chronology of the 2014 reference sediment core showing the 1986 and 1963 depths 
suggested by the 137Cs record, 210Pb dates and sedimentation rate calculated using the 137Cs 
dates as reference points.  
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Table S4. Chronology of three sediment cores collected in 2016 estimated using the age-depth 
model based on the reference sediment core. 

  Core A Core B Core C 
Depth (cm) Year SD Depth (cm) Year SD Depth (cm) Year SD 

0.4 2016 0 2.4 2013 0 0.5 2015 0 
1.4 2014 0 3.4 2012 1 1.5 2014 0 
2.4 2014 0 4.4 2010 1 2.5 2013 0 
3.4 2012 1 5.4 2008 2 3.5 2012 1 
4.4 2010 1 6.4 2005 2 4.5 2010 1 
5.4 2008 2 7.4 2002 2 5.5 2008 2 
6.4 2005 2 8.4 1999 2 6.5 2005 2 
7.4 2002 2 9.4 1996 2 7.5 2002 2 
8.4 1999 2 10.4 1993 2 8.5 1999 2 
9.4 1996 2 11.4 1990 3 9.5 1996 2 
10.4 1993 2 12.4 1987 3 10.5 1993 2 
11.4 1989 3 13.4 1984 3 11.5 1989 3 
12.4 1987 3 14.4 1982 3 12.5 1986 3 
13.4 1984 3 15.4 1981 4 13.5 1984 3 
14.4 1982 3 16.4 1979 4 14.5 1982 3 
15.4 1981 4 17.4 1977 4 15.5 1981 4 
16.4 1979 4 18.4 1975 4 16.5 1979 4 
17.4 1977 4 19.4 1972 5 17.5 1977 4 
18.4 1975 4 20.4 1970 5 18.5 1974 4 
19.4 1972 5 21.4 1968 5 19.5 1972 5 
20.4 1970 5 22.4 1966 5 20.5 1970 5 
21.4 1968 5 23.4 1964 6 21.5 1968 5 
22.4 1966 5 24.4 1960 6 22.5 1966 5 
23.4 1964 6 25.4 1954 6 23.5 1964 6 
24.4 1960 6 26.4 1947 6 24.5 1959 6 
25.4 1954 6 27.4 1940 7 25.5 1953 6 
26.4 1947 6 28.4 1931 8 26.5 1946 6 
27.4 1941 6 29.4 1921 9 27.5 1939 7 
28.4 1931 8 30.4 1912 11 28.5 1930 8 
29.4 1922 9 31.4 1903 12 29.5 1921 9 
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Table S5. Results of the permutation test between the beta diversity Bray-Curtis dissimilarity 
matrix and sample age and lake physicochemical conditions including alkalinity, nitrate-
nitrogen (NO3-N), winter soluble reactive phosphorus (SRP), total phosphorus (TP), 
chlorophyll a, SRP, ammonium-nitrogen (NH4-N), surface water temperature and surface water 
pH. 

Variable R2 p 
Sample age 0.84 *** 
Alkalinity 0.47 *** 

NO3-N 0.28 *** 
Winter SRP 0.23 ** 

TP 0.22 ** 
Chlorophyll a 0.18 * 

SRP 0.17 * 
NH4-N 0.07  

Temperature 0.02  
pH 0.01  

(*** = p < 0.001, ** = p < 0.01, * = p < 0.05). 
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Table S6. BLAST results for sedDNA ASV matches in the FreshTrain database. 
 

sedDNA 
ASV 

FreshTrain 
match 

Percent 
identity Phylum Class Order Family Genus Species 

ASV 19 UncMeth6 97.6 Proteobacteria Gammaproteobacteria Methylococcales Methylomonaceae Crenothrix Unassigned 
ASV 35 UncMeth6 100 Proteobacteria Gammaproteobacteria Methylococcales Methylomonaceae Methylobacter tundripaludum 
ASV 52 UncMethy 98 Proteobacteria Gammaproteobacteria Methylococcales Methylomonaceae Crenothrix Unassigned 
ASV 72 JbaZZZZ8 98.8 Proteobacteria Alphaproteobacteria Rhizobiales Beijerinckiaceae Methylocystis Unassigned 
ASV 93 MsFpbF02 97.6 Proteobacteria Gammaproteobacteria Betaproteobacteriales Burkholderiaceae Rhizobacter Unassigned 
ASV 102 UncMethy 98 Proteobacteria Gammaproteobacteria Methylococcales Methylomonaceae Methylobacter Unassigned 
ASV 141 UncuBet8 100 Proteobacteria Gammaproteobacteria Betaproteobacteriales Methylophilaceae Methylotenera Unassigned 
ASV 152 Betau125 100 Proteobacteria Gammaproteobacteria Betaproteobacteriales Burkholderiaceae Rhodoferax Unassigned 
ASV 169 UncMeth6 98.4 Proteobacteria Gammaproteobacteria Methylococcales Methylomonaceae Crenothrix Unassigned 
ASV 256 CbbYyy08 100 Verrucomicrobia Verrucomicrobiae Chthoniobacterales Terrimicrobiaceae FukuN18_freshwater_group Unassigned 
ASV 264 Bctrm544 100 Verrucomicrobia Verrucomicrobiae Chthoniobacterales Terrimicrobiaceae Terrimicrobium Unassigned 
ASV 283 MspbBpb2 99.2 Bacteroidetes Bacteroidia Flavobacteriales Flavobacteriaceae Flavobacterium Unassigned 
ASV 290 AbmAc208 100 Actinobacteria Actinobacteria Micrococcales Micrococcaceae Pseudarthrobacter Unassigned 
ASV 292 UncMeth6 97.6 Proteobacteria Gammaproteobacteria Methylococcales Methylomonaceae Crenothrix Unassigned 
ASV 348 BetauB97 100 Proteobacteria Gammaproteobacteria Betaproteobacteriales Burkholderiaceae Acidovorax Unassigned 
ASV 408 JbgZZZZ3 98 Actinobacteria Actinobacteria Corynebacteriales Mycobacteriaceae Mycobacterium madagascariense 
ASV 426 MpppcnpE 99.6 Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Rhodobacter Unassigned 
ASV 457 MbGubG02 99.2 Proteobacteria Alphaproteobacteria Rhizobiales Rhizobiales_Incertae_Sedis unassigned Unassigned 
ASV 702 ClonLD29 98.8 Verrucomicrobia Verrucomicrobiae Chthoniobacterales Chthoniobacteraceae LD29 Unassigned 
ASV 718 UncMeth6 97.2 Proteobacteria Gammaproteobacteria Methylococcales Methylomonaceae Crenothrix Unassigned 
ASV 784 BcrBa621 97.2 Bacteroidetes Bacteroidia Chitinophagales Chitinophagaceae Dinghuibacter Unassigned 
ASV 930 BctGKS39 97.2 Proteobacteria Alphaproteobacteria Rhizobiales Beijerinckiaceae Rhodoblastus Unassigned 
ASV 948 BcrBac55 97.2 Bacteroidetes Bacteroidia Chitinophagales Chitinophagaceae Ferruginibacter Unassigned 
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Figure S3. Generalised additive models (GAMs) of the relative abundance of pelagic ASVs 
throughout three sediment cores. Shaded area shows the 95% confidence interval.  
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Table S7. Statistics associated with the global (i.e. single smoother) generalised additive 
models (GAMs) fitted to the relative abundance of each phylum throughout three sediment 
cores. 

 

 

 

 

 

 

 

 

Table S8. Akaike Information Criterion (AIC) of generalised additive models (GAMs) with a 
global smooth and with a separate smooth for each sediment core. Delta AIC is the difference 
between the global smooth AIC and the core-specific smooth AIC. 

  

Phylum edf R2 Deviance explained (%) p 
Proteobacteria 3.22 0.76 77.0 *** 

Chloroflexi 4.56 0.92 93.1 *** 
Firmicutes 3.00 0.26 39.2 *** 

Bacteroidetes 6.03 0.62 64.3 *** 
Verrucomicrobia 6.54 0.80 79.1 *** 

Acidobacteria 3.45 0.61 63.4 *** 
Cyanobacteria 7.00 0.79 88.8 *** 

Nitrospirae 5.45 0.51 54.7 *** 
Spirochaetes 5.55 0.67 68.6 *** 

Planctomycetes 2.66 0.59 47.3 *** 
(edf = effective degrees of freedom, *** = p < 0.001, ** = p < 0.01, * = p < 0.05). 

Phylum Global smooth Individual core smooths Delta AIC df AIC df AIC 
Proteobacteria 5.58 -394.07 12.77 -401.02 6.95 

Chloroflexi 6.81 -551.51 17.31 -559.05 7.53 
Firmicutes 5.61 -310.81 11.88 -331.24 20.43 

Bacteroidetes 8.61 -411.56 21.60 -433.51 21.94 
Verrucomicrobia 9.04 -643.45 19.59 -634.71 -8.74 

Acidobacteria 6.21 -638.30 16.75 -658.10 19.80 
Cyanobacteria 9.88 -703.78 21.78 -680.87 -22.91 

Nitrospirae 8.59 -667.57 21.71 -701.77 34.20 
Spirochaetes 8.64 -733.69 18.36 -739.99 6.30 

Planctomycetes 5.32 -710.88 14.96 -729.48 18.61 



225 
 

Figure S4. Generalised additive models (GAMs) of the relative abundance of Proteobacteria 
throughout sediment core A, B and C. Shaded area shows the 95% confidence interval. 

Figure S5. Generalised additive models (GAMs) of the relative abundance of Chloroflexi 
throughout sediment core A, B and C. Shaded area shows the 95% confidence interval. 

Figure S6. Generalised additive models (GAMs) of the relative abundance of Firmicutes 
throughout sediment core A, B and C. Shaded area shows the 95% confidence interval. 

Figure S7. Generalised additive models (GAMs) of the relative abundance of Bacteroidetes 
throughout sediment core A, B and C. Shaded area shows the 95% confidence interval.  
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Figure S8. Generalised additive models (GAMs) of the relative abundance of Verrucomicrobia 
throughout sediment core A, B and C. Shaded area shows the 95% confidence interval. 

Figure S9. Generalised additive models (GAMs) of the relative abundance of Acidobacteria 
throughout sediment core A, B and C. Shaded area shows the 95% confidence interval. 

Figure S10. Generalised additive models (GAMs) of the relative abundance of Cyanobacteria 
throughout sediment core A, B and C. Shaded area shows the 95% confidence interval. 

Figure S11. Generalised additive models (GAMs) of the relative abundance of Nitrospirae 
throughout sediment core A, B and C. Shaded area shows the 95% confidence interval.  
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Figure S12. Generalised Additive Models (GAMs) of the relative abundance of Spirochaetes 
throughout sediment core A, B and C. Shaded area shows the 95% confidence interval. 

Figure S13. Generalised Additive Models (GAMs) of the relative abundance of 
Planctomycetes throughout sediment core A, B and C. Shaded area shows the 95% confidence 
interval.  
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Table S9. Spearman’s correlation between the relative abundance of each bacterial phylum and sample age and lake physicochemical 
conditions including alkalinity, surface water temperature, soluble reactive phosphorus (SRP), winter SRP, total phosphorus (TP), chlorophyll 
a, nitrate-nitrogen (NO3-N), ammonium-nitrogen (NH4-N) and surface water pH. 

 Sample age Alkalinity Temperature SRP Winter SRP TP Chlorophyll a NO3-N NH4-N pH 
Rs p Rs p Rs p Rs p Rs p Rs p Rs p Rs p Rs p Rs p 

Proteobacteria -0.87 *** 0.76 *** 0.44 *** 0.40 *** 0.42 *** -0.10  -0.10  0.04  -0.35 * 0.09  
Verrucomicrobia -0.77 *** 0.71 *** 0.46 *** 0.40 *** 0.44 *** -0.14  -0.08  0.14  -0.25  0.04  

Bacteroidetes -0.71 *** 0.52 *** 0.47 *** 0.44 *** 0.56 *** 0.23  0.12  0.18  -0.13  0.07  
Cyanobacteria -0.67 *** 0.48 *** 0.29 * 0.69 *** 0.69 *** 0.74 *** 0.58 *** 0.54 *** 0.09  0.03  

Planctomycetes 0.62 *** -0.34 *** -0.33 ** -0.38 ** -0.36 ** -0.16  -0.04  -0.16  0.05  0.05  
Nitrospirae 0.59 *** -0.47 *** -0.33 ** -0.31 ** -0.41 *** -0.10  -0.08  -0.14  0.01  -0.13  
Firmicutes 0.63 *** -0.57 *** -0.43 *** -0.31 ** -0.44 *** -0.05  0.01  -0.05  0.15  -0.13  

Acidobacteria 0.78 *** -0.71 *** -0.26 * -0.29 * -0.30 ** -0.03  -0.10  -0.04  0.37 * -0.18  
Spirochaetes 0.78 *** -0.71 *** -0.34 ** -0.36 ** -0.33 ** 0.01  0.02  -0.06  0.27  -0.18  
Chloroflexi 0.97 *** -0.80 *** -0.50 *** -0.51 *** -0.52 *** 0.02  0.00  -0.16  0.34 * -0.16  

(*** = p < 0.001, ** = p < 0.01, * = p < 0.05). 
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Figure S14. Correlations between year and lake physicochemical conditions including 
alkalinity, surface water temperature, soluble reactive phosphorus (SRP), winter SRP, total 
phosphorus (TP), chlorophyll a, nitrate-nitrogen (NO3-N), ammonium-nitrogen (NH4-N) and 
surface water pH. Correlations are calculated using Spearman’s correlation, where red shades 
indicate positive correlations, and blue shades indicate negative correlations (*** = p < 0.001, 
** = p < 0.01, * = p < 0.05).
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Table S10. Spearman’s correlation between year and lake physicochemical conditions including alkalinity, surface water temperature, 
soluble reactive phosphorus (SRP), winter SRP, total phosphorus (TP), chlorophyll a, nitrate-nitrogen (NO3-N), ammonium-nitrogen (NH4-
N) and surface water pH. 

 Year Alkalinity Temperature SRP Winter SRP TP Chlorophyll a NO3-N NH4-N pH 
Rs p Rs p Rs p Rs p Rs p Rs p Rs p   Rs p Rs p Rs p 

Year 1.00 - 0.83 *** 0.53 *** 0.73 *** 0.70 *** 0.14  -0.01  0.58 *** -0.36 ** 0.18  
Alkalinity 0.83 *** 1.00 - 0.41 ** 0.67 *** 0.60 *** 0.02  -0.09  0.46 *** -0.45 ** 0.23  

Temperature 0.53 *** 0.41 ** 1.00 - 0.58 *** 0.57 *** 0.13  0.01  0.18  -0.16  0.25  
SRP 0.73 *** 0.67 *** 0.58 *** 1.00 - 0.88 *** 0.71 *** 0.35 * 0.67 *** -0.16  -0.01  

Winter SRP 0.70 *** 0.60 *** 0.57 *** 0.88 *** 1.00 - 0.58 *** 0.37 ** 0.70 *** -0.06  0.24  
TP 0.14  0.02  0.13  0.71 *** 0.58 *** 1.00 - 0.54 *** 0.51 *** 0.11  -0.02  

Chlorophyll a -0.01  -0.09  0.01  0.35 * 0.37 ** 0.54 *** 1.00 - 0.33 * 0.28  0.09  
NO3-N 0.58 *** 0.46 *** 0.18  0.67 *** 0.70 *** 0.51 *** 0.33 * 1.00 - 0.01  -0.06  
NH4-N -0.36 ** -0.45 ** -0.16  -0.16  -0.06  0.11  0.28  0.01  1.00 - -0.08  

pH 0.18  0.23  0.25  -0.01  0.24  -0.02  0.09  -0.06  -0.08  1.00 - 
(*** = p < 0.001, ** = p < 0.01, * = p < 0.05). 
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Appendix B: Supplementary information to Chapter 3 

Table S1. Chronology of the 2014 reference sediment core (Thorpe et al., 2022) with sample 
depths corrected to 2021 assuming a constant sedimentation rate. 

 

 

 

 

 

 

 

 

 

 

 

  

Corrected depth (cm) Age (years from 2021) 
0.00 0 
5.67 7 
5.92 7 
7.92 10 
9.92 14 
11.92 20 
13.92 26 
15.92 33 
17.92 38 
19.92 41 
21.92 45 
23.92 50 
25.92 54 
27.92 58 
29.92 70 
31.92 85 
33.92 104 
35.42 118 
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Table S2. Chronology of the sediment core collected in 2021 estimated using the age-depth 
model based on the reference sediment core (Thorpe et al., 2022). 

  Depth (cm) Year 
0 2021 
1 2020 
2 2019 
3 2017 
4 2016 
5 2015 
6 2014 
7 2012 
8 2011 
9 2009 
10 2007 
11 2004 
12 2001 
13 1998 
14 1995 
15 1991 
16 1988 
17 1985 
18 1983 
19 1981 
20 1980 
21 1978 
22 1976 
23 1973 
24 1971 
25 1969 
26 1967 
27 1965 
28 1963 
29 1957 
30 1950 
31 1943 
32 1935 
33 1926 
34 1916 
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Comparison of two bacterial sedDNA records to support chronology estimation 

A dated reference core collected from the deepest point of Esthwaite Water in 2014 was used 

to date cores collected in 2016 (Thorpe et al., 2022), and was also applied to the 2021 core 

assuming a constant sedimentation rate. However, as there was a longer period from 2014 to 

2021, and possibly more variation in the sedimentation rate over time, the bacterial sedDNA 

records obtained from the 2016 and 2021 cores were compared to evaluate whether the 

chronology was accurately aligned with the 2021 core. 

Sequencing of the bacterial community in sediments of the core was performed using the same 

16S rRNA amplicon primers, and PCR amplification, sequencing and data processing steps 

followed the same general protocol described by Thorpe et al. (2022). Generalised additive 

models (GAMs) were fitted to the temporal trends in the relative abundance of ten abundant 

bacterial phyla. GAM-estimated annual trends were estimated for the period shared between 

the cores (1916-2016), and the correlation between the GAM-estimated annual trends for each 

bacterial phylum in the two sedDNA records was assessed with a model II regression. 

The temporal trends of the dominant bacterial phyla (maximum relative abundance > 0.1) were 

well aligned between the 2016 (Thorpe et al., 2022) and 2021 cores (the present study) when 

the chronology of the reference core was applied. Proteobacteria showed comparable increasing 

trends (Fig. S2 A), and Chloroflexi (Fig. S2 B) and Firmicutes (Fig. S2 C) showed comparable 

decreasing trends. The increase in the relative abundance of Bacteroidetes was estimated to 

occur in 1970 in both records (Fig. S2 D). The large peak in the relative abundance of 

Cyanobacteria in the 2021 core was estimated to occur less than five years earlier than in the 

2016 core (Fig. S2 G). Correlations between GAM-estimated trends were significant for all 

phyla (p < 0.001) and relatively strong for the dominant phyla (Fig. S2). While there may still 
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be some uncertainty associated with radiometric dating and with the application of the reference 

core chronology to a more recent core, the close alignment between the bacterial sedDNA 

records supported the use of the estimated chronology and demonstrated the robustness of the 

bacterial sedDNA record with repeated sediment coring.  



235 
 

Figure S1. GAMs fitted to the trend in relative abundance of bacterial phyla as measured by 
sedDNA for comparison with a previous Esthwaite Water bacterial sedDNA record (Thorpe et 
al., 2022). r values and significance levels are shown for the correlation between the GAM-
estimated annual trends in the relative abundance of each phylum in sediments from the 2016 
and 2021 cores. Shaded areas show the 95% confidence intervals.  



236 
 

Figure S2. Mean annual conditions in Esthwaite Water between 1945 and 2015, including the 
concentration of (A) total phosphorus (TP), (B) soluble reactive phosphorus (SRP), (C) winter 
SRP from December to February, (D) nitrate-nitrogen (NO3-N), (E) ammonium-nitrogen (NO4-
N), (F) chlorophyll a (Chl a), and (G) alkalinity, (H) pH and (I) temperature (temp). 

 

Table S3. Results of the permutation test between the beta diversity Bray-Curtis dissimilarity 
matrix and sample year and lake physicochemical conditions including alkalinity, soluble 
reactive phosphorus (SRP), pH, chlorophyll a, winter SRP, ammonium-nitrogen (NH4-N), total 
phosphorus (TP), temperature and nitrate-nitrogen (NO3-N) for the sedDNA and microscopy-
based records between 1945 and 2010. 

 

 

 

 

 

 

 

 

  

 sedDNA Microscopy 
Variable R2 p R2 p 

Year 0.88 *** 0.84 *** 
Alkalinity 0.53 * 0.61 *** 

SRP 0.50 * 0.23 * 
pH 0.44 * 0.00  

Chlorophyll a 0.34  0.02  
Winter SRP 0.20  0.13  

NH4-N 0.29  0.31 ** 
TP 0.16  0.25 * 

Temperature 0.16  0.06  
NO3-N 0.07  0.19 * 

(*** = p < 0.001, ** = p < 0.01, * = p < 0.05). 
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Table S4. Statistics associated with the GAMs fitted to the relative abundance of each phylum 
as measured by sedDNA. 

 

 

 

 

 

Table S5. Statistics associated with the GAMs fitted to the occurrence of each phylum as 
measured by microscopy in the long-term monitoring record. 

  

Phylum edf R2 Deviance explained (%) p 
Chlorophytes 6.19 0.91 92.6 *** 

Dinoflagellates 9.99 0.97 98.7 *** 
Ochrophytes 3.70 0.31 54.8 *** 

Bacillariophytes 4.48 0.06 47.2 ** 
(edf = effective degrees of freedom, *** = p < 0.001, ** = p < 0.01, * = p < 0.05). 

Phylum edf R2 Deviance explained (%) p 
Chlorophytes 9.95 0.92 95.2 *** 

Dinoflagellates 9.25 0.81 84.1 *** 
Ochrophytes 6.61 0.85 86.0 *** 

Bacillariophytes 7.87 0.56 61.8 *** 
Charophytes 8.26 0.82 80.0 *** 
Cryptophytes 10.46 0.90 91.0 *** 
Haptophytes 1.00 0.68 43.5 *** 

(edf = effective degrees of freedom, *** = p < 0.001, ** = p < 0.01, * = p < 0.05). 
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Figure S3. GAMs fitted to the trend in occurrence relative to sampling frequency as measured 
by microscopy for charophytes (A), cryptophytes (B), and haptophytes (C). Shaded areas show 
the 95% confidence intervals.  
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Appendix C: Supplementary information to Chapter 4 

Equation 1. Calculation of the number of copies of 16S rRNA gene fragments used in qPCR 
as standards. 

Copies = 
X × 𝑁A

(L × 660) × dilution 
 

 

Where: 

Copies = number of gene copies (molecules) 

X = amount of gene fragment (ng), 

L = length of gene fragment (bp), 

660 = average mass of 1 bp of dsDNA (g mole-1), 

NA = Avogadro’s constant (6.0221×1023 molecules mole-1), 

dilution = starting dilution (1×109). 

 

Figure S2. qPCR standard curves of the cycle threshold (Ct) and copy concentration of a 
serially diluted bacterial (red) and cyanobacterial (green) 16S rRNA gene fragment.  



240 
 

Equation 2. Conversion of gene copy concentration per qPCR reaction to gene copy 
concentration per mass of sample. 

Copies (g−1 wet sediment) =  
copies per reaction × (

1
(DF × TV)

) × EV

Mass of sample 
 

 

Where: 

Copies = gene copy concentration (g-1 wet sediment), 

Copies per reaction = gene copy concentration per 20 μL reaction (average of duplicates), 

DF = dilution factor of template DNA (1:20), 

TV = volume of template DNA added (5 μL), 

EV = elution volume of extracted DNA (100 μL), 

Mass of sample = mass of wet sediment DNA was extracted from (0.25 g). 

Figure S3. OTU-level FEAST-estimated contribution (%) of the water community at an 
integrated depth of 0-5 m in April 2021, July 2021, October 2021, and February 2022 to the 
sedDNA record for bacteria (A) and eukaryotic microbes (B), and contribution of the water 
column community at an integrated depth of 0-5, 5-10 and 10-15 m in August 2021 to the 
sedDNA record for bacteria (C) and eukaryotic microbes (D). 
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Appendix D: Supplementary information to Chapter 5 

Table S1. Soil pH, mean annual air temperature (MAAT) and mean annual precipitation (MAP) 
of Eastern U.S. soil sampling sites. 

Site State Latitude Longitude Soil pH MAAT (°C) MAP (mm year-1) 
1 Maine 44.17371 -69.4111 5.20 7.67 1239.74 
2 Maine 44.61978 -69.0118 5.04 6.87 1165.13 
3 Maine 44.99938 -68.6504 4.28 6.53 1093.45 
4 Maine 44.09081 -70.2817 5.06 7.50 1189.59 
5 Maine 43.73451 -70.6940  6.84 1254.09 
6 New Hampshire 43.08329 -71.1523 4.11 8.84 1178.97 
7 Massachusetts 42.33098 -71.4753 3.84 9.64 1211.80 
8 Massachusetts 42.05655 -71.7861 3.56 9.23 1243.26 
9 Connecticut 41.78419 -72.2798 6.12 9.66 1258.09 
10 Connecticut 41.74604 -72.9565 4.13 9.02 1359.34 
11 Connecticut 41.56823 -73.4966  9.42 1270.47 
12 New Jersey 40.97923 -74.2053 5.34 10.59 1292.84 
13 New Jersey 40.76775 -74.4520 5.79 11.21 1277.22 
14 Pennsylvania 40.39370 -75.2773 4.33 11.15 1263.30 
15 Pennsylvania 40.19304 -75.7995 5.36 11.04 1225.49 
16 Pennsylvania 39.97460 -76.5104 6.47 11.88 1137.64 
17 Pennsylvania 39.64721 -76.7619 4.61 11.90 1212.79 
18 Virginia 38.76014 -77.1195 4.76 14.18 1136.36 
19 Virginia 38.33434 -77.1447 4.90 14.16 1132.07 
20 Virginia 37.80631 -77.1208 4.14 14.94 1148.95 
21 Virginia 37.37310 -77.5534 5.05 14.53 1155.51 
22 Virginia 36.84687 -77.9296 5.38 14.64 1152.50 
23 North Carolina 36.43981 -78.3661 5.08 14.80 1125.85 
24 North Carolina 35.94941 -78.6088 5.99 15.31 1175.59 
25 North Carolina 35.46396 -78.9130 4.36 16.04 1198.09 
26 North Carolina 34.66763 -78.6047 3.70 17.01 1264.48 
27 North Carolina 34.38813 -79.0020 4.07 16.97 1231.78 
28 South Carolina 34.32800 -79.2793 4.34 17.13 1211.65 
29 South Carolina 33.94747 -79.9784 4.99 17.51 1255.55 
30 South Carolina 33.52045 -80.4987 4.76 18.00 1235.19 
31 South Carolina 33.06203 -81.0900 4.01 18.42 1162.03 
32 Georgia 32.87283 -81.9609 4.14 18.34 1157.67 
33 Georgia 32.08360 -82.1353 4.92 19.13 1203.50 
34 Georgia 31.51843 -82.7657 4.20 19.31 1206.13 
35 Florida 30.21353 -82.5942 3.70 20.35 1344.70 
36 Florida 29.10675 -81.6171 4.09 21.36 1352.13 
37 Florida 28.35394 -81.6362 6.01 22.71 1295.60 
38 Florida 26.15982 -81.2665 7.58 23.96 1439.05 
39 Florida 26.94133 -81.3063 4.49 23.06 1263.98 
40 Florida 27.60095 -82.5451 7.09 23.04 1273.24 
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Table S2. Soil pH, mean annual air temperature (MAAT) and mean annual precipitation (MAP) 
of Southern U.S. soil sampling sites.  

Site State Lake catchment Latitude Longitude Soil 
pH 

MAAT 
(°C) 

MAP 
(mm year-1) 

41 Texas Lake Houston 29.90043 -95.1475 5.17 21.07 1474.04 
42 Texas Lake Meredith 35.70550 -101.557 8.00 15.28 474.04 

43 New 
Mexico Mary's Lake 36.85505 -105.096 6.38 6.90 505.60 

44 New 
Mexico Lake Escondida 34.12197 -106.891 8.09 14.40 245.05 

45 New 
Mexico 

Elephant Butte 
Lake 33.18170 -107.208 8.50 16.83 251.19 

46 New 
Mexico Lake Caballo 32.91138 -107.307 8.36 16.70 251.19 

47 Arizona Dankworth Pond 32.72065 -109.706 7.63 18.02 276.19 
48 Arizona Roper Lake 32.75513 -109.704 7.76 18.09 253.14 

49 Arizona 
Theodore 
Roosevelt 
Reservoir 

33.67180 -111.133 7.29 20.49 245.85 

50 Arizona Lake Saguaro 33.57670 -111.536 6.56 21.92 368.58 
51 Arizona Horseshoe Lake 33.98670 -111.723 5.94 20.77 319.09 
52 Arizona Bartlett Lake 33.83801 -111.642 7.36 21.71 331.56 
53 Arizona Crescent Lake 33.90830 -109.424 5.83 6.12 334.78 

54 New 
Mexico Santa Rosa Lake 35.02990 -104.684 8.00 14.30 629.30 

55 New 
Mexico Conchas Lake 35.37940 -104.204 7.91 15.54 404.86 

56 New 
Mexico Ute Reservoir 35.36550 -103.493 7.90 15.34 409.71 

57 Texas Buffalo Springs 
Lake 33.53335 -101.720 8.77 16.15 413.60 

58 Texas Lake Colorado 32.33940 -100.929 8.06 17.84 458.90 

59 Texas Champion Creek 
Reservoir 32.27869 -100.848 7.88 17.80 545.88 

60 Texas EV Spence 
Reservoir 31.88980 -100.533 7.89 18.20 553.70 

61 Texas Lake Nasworthy 31.37194 -100.493 7.85 18.63 578.95 
62 Texas Lake Junction 30.48560 -99.7585 7.60 18.73 559.10 
63 Texas Medina Lake 29.54561 -98.9253 7.67 20.24 572.51 
64 Texas Lake Bastrop 30.14010 -97.2847 7.55 20.29 785.49 
65 Texas Lake Fayette 29.94670 -96.7497 6.70 20.69 915.63 

66 Texas Lake 
Sommerville 30.30690 -96.5171 4.25 20.18 998.34 

67 Arizona San Carlos 
Reservoir 33.18359 -110.519 8.10 19.35 1022.18 
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Table S3. Lake surface sediment pH, mean annual air temperature (MAAT) and mean annual 
precipitation (MAP) of Southern U.S. lake surface sediment sampling sites. 

  

Site State Lake Latitude Longitude Sediment 
pH 

MAAT 
(°C) 

MAP 
(mm year-1) 

41 Texas Lake Houston 29.92703 -95.1518 5.76 21.09 1474.04 
42 Texas Lake Meredith 35.71152 -101.556 7.86 15.30 474.04 

43 New 
Mexico Mary's Lake 36.85165 -105.097 8.80 7.02 509.97 

44 New 
Mexico Lake Escondida 34.12158 -106.890 7.62 14.41 245.05 

45 New 
Mexico 

Elephant Butte 
Lake 33.18322 -107.193 7.37 16.84 251.19 

46 New 
Mexico Lake Caballo 32.91125 -107.306 8.23 16.71 276.19 

47 Arizona Dankworth Pond 32.72069 -109.705 7.12 18.03 253.14 
48 Arizona Roper Lake 32.75560 -109.705 7.23 18.10 245.85 

49 Arizona 
Theodore 
Roosevelt 
Reservoir 

33.68630 -111.123 7.34 20.51 368.58 

50 Arizona Lake Saguaro 33.57276 -111.532 7.67 21.94 319.09 
51 Arizona Horseshoe Lake 33.98826 -111.718 7.51 20.79 331.56 
52 Arizona Bartlett Lake 33.82470 -111.627 7.52 21.73 334.78 
53 Arizona Crescent Lake 33.91050 -109.421 5.90 6.13 629.30 

54 New 
Mexico Santa Rosa Lake 35.03385 -104.685 7.48 14.32 404.86 

55 New 
Mexico Conchas Lake 35.38940 -104.194 7.52 15.55 409.71 

56 New 
Mexico Ute Reservoir 35.35727 -103.489 8.14 15.35 413.60 

57 Texas Buffalo Springs 
Lake 33.52910 -101.712 7.76 16.17 458.90 

58 Texas Lake Colorado 32.34075 -100.928 8.23 17.85 545.88 

59 Texas Champion Creek 
Reservoir 32.28290 -100.848 7.40 17.82 553.70 

60 Texas EV Spence 
Reservoir 31.89422 -100.532 7.57 18.22 578.95 

61 Texas Lake Nasworthy 31.37950 -100.490 7.82 18.64 559.10 
62 Texas Lake Junction 30.48720 -99.7621 8.01 18.74 572.51 
63 Texas Medina Lake 29.54460 -98.9318 7.40 20.26 785.49 
64 Texas Lake Bastrop 30.15176 -97.2865 7.25 20.23 909.23 
65 Texas Lake Fayette 29.94678 -96.7457 8.01 20.71 998.34 

66 Texas Lake 
Sommerville 30.31486 -96.5289 6.76 20.05 1013.96 

67 Arizona San Carlos 
Reservoir 33.17792 -110.516 7.45 19.37 355.72 



244 
 

Figure S1. NMDS of a dissimilarity matrix based on 3-OH FA distribution in Eastern U.S. soils 
and Southern U.S. soils and lake surface sediments including two lake surface sediment outliers 
with limited 3-OH FAs. Vectors for environmental vectors (bold) and 3-OH FAs and their 
indices that correlated with the dissimilarity matrix were fitted. Only the strongest (R2 > 0.20) 
and most significant (p < 0.001) vectors are displayed. NMDS stress values and ANOSIM R 
and p values are shown. 

 

Table S4. Results of the permutation test between the dissimilarity matrices based on bacterial 
beta diversity and 3-OH FA distribution and environmental variables including soil or lake 
surface sediment pH, mean annual precipitation (MAP) and mean annual air temperature 
(MAAT). 

  

Variable 
Bacterial 

dissimilarity matrix 
3-OH FA 

dissimilarity matrix 
R2 p R2 p 

pH 0.81 *** 0.61 *** 
MAP 0.63 *** 0.54 *** 

MAAT 0.06  0.08 * 
(*** = p < 0.001, ** = p < 0.01, * = p < 0.05). 
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Table S5. Results of the permutation test between the bacterial beta diversity dissimilarity 
matrix and the top 15 most abundant bacterial phyla. 

  
Phylum R2 p 

Desulfobacteria 0.79 *** 
Acidobacteria 0.71 *** 
Chloroflexi 0.69 *** 

Gemmatimonadetes 0.58 *** 
Planctomycetes 0.53 *** 
Bacteroidetes 0.43 *** 
Proteobacteria 0.36 *** 

RCP2-54 0.35 *** 
Cyanobacteria 0.33 *** 

WPS-2 0.33 *** 
Verrucomicrobia 0.29 *** 

Myxococcota 0.22 *** 
Firmicutes 0.21 *** 
Nitrospirae 0.09 * 

Actinobacteria 0.07 * 
(*** = p < 0.001, ** = p < 0.01, * = p < 0.05). 
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Table S6. Results of the permutation test between the dissimilarity matrix based on 3-OH FA 
distribution and 3-OH FAs and 3-OH FA indices. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Phylum R2 p 
RANS 0.73 *** 
n-C11 0.68 *** 
a-C17 0.67 *** 
n-C18 0.66 *** 
i-C16 0.66 *** 
a-C15 0.64 *** 
RIAN 0.64 *** 

Branched index 0.63 *** 
i-C12 0.62 *** 
n-C10 0.61 *** 

Branching ratio 0.60 *** 
i-C14 0.54 *** 
i-C18 0.50 *** 
i-C11 0.49 *** 
u-C16 0.44 *** 
n-C16 0.44 *** 

RAN17 0.42 *** 
n-C12 0.42 *** 

RAN15 0.39 *** 
RIN 0.35 *** 
n-C15 0.35 *** 
i-C17 0.32 *** 
a-C11 0.30 *** 
a-C13 0.26 *** 
n-C17 0.26 *** 
u-C12 0.24 *** 
n-C14 0.22 *** 

RAN13 0.21 *** 
u-C18 0.19 ** 
u-C14 0.14 ** 
u-C11 0.14 *** 
n-C13 0.12 ** 
i-C15 0.07  
u-C13 0.07 * 
RIN17 0.01  
i-C13 0.00  

(i = iso, a = anteiso, n = normal, u = unsaturated, 
*** = p < 0.001, ** = p < 0.01, * = p < 0.05). 
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Appendix E: Supplementary information to Chapter 6 

Figure S1. Chromatogram of 3-OH FA isomers extracted from bacterial isolate B1. 3-OH FA 
isomers are labelled, i = iso, a = anteiso, n = normal. m/z = 177. 

Figure S2. Chromatogram of 3-OH FA isomers extracted from bacterial isolate E2. 3-OH FA 
isomers are labelled, i = iso, a = anteiso, n = normal. m/z = 177. 
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Figure S3. Chromatogram of 3-OH FA isomers extracted from bacterial isolate A6. 3-OH FA 
isomers are labelled, i = iso, a = anteiso, n = normal. m/z = 175. 

Figure S4. Chromatogram of 3-OH FA isomers extracted from bacterial isolate D7. 3-OH FA 
isomers are labelled, i = iso, a = anteiso, n = normal. m/z = 175. 
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Figure S5. Chromatogram of 3-OH FA isomers extracted from bacterial isolate C9. 3-OH FA 
isomers are labelled, i = iso, a = anteiso, n = normal. m/z = 175. 

Figure S6. Chromatogram of 3-OH FA isomers extracted from bacterial isolate D9. 3-OH FA 
isomers are labelled, i = iso, a = anteiso, n = normal. m/z = 175. 
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Figure S7. Chromatogram of 3-OH FA isomers extracted from bacterial isolate F1. 3-OH FA 
isomers are labelled, i = iso, a = anteiso, n = normal. m/z = 177. 

Figure S8. Chromatogram of 3-OH FA isomers extracted from bacterial isolate D4. 3-OH FA 
isomers are labelled, i = iso, a = anteiso, n = normal. m/z = 175. 
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Figure S9. Chromatogram of 3-OH FA isomers extracted from bacterial isolate G1. 3-OH FA 
isomers are labelled, i = iso, a = anteiso, n = normal. m/z = 175. 

Figure S10. Chromatogram of 3-OH FA isomers extracted from bacterial isolate B2. 3-OH FA 
isomers are labelled, i = iso, a = anteiso, n = normal. m/z = 177. 
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Figure S11. Chromatogram of 3-OH FA isomers extracted from bacterial isolate A2. 3-OH FA 
isomers are labelled, i = iso, a = anteiso, n = normal. m/z = 177.  
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Figure S12. Mass spectrum of n-C10 3-OH FA. 

Figure S13. Mass spectrum of n-C11 3-OH FA. 

Figure S14. Mass spectrum of n-C12 3-OH FA. 

Figure S15. Mass spectrum of i-C13 3-OH FA. 
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Figure S16. Mass spectrum of a-C13 3-OH FA. 

Figure S17. Mass spectrum of n-C13 3-OH FA. 

Figure S18. Mass spectrum of i-C14 3-OH FA. 

Figure S19. Mass spectrum of a-C14 3-OH FA. 
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Figure S20. Mass spectrum of n-C14 3-OH FA. 

Figure S21. Mass spectrum of i-C15 3-OH FA. 

Figure S22. Mass spectrum of a-C15 3-OH FA. 

Figure S23. Mass spectrum of n-C15 3-OH FA. 
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Figure S24. Mass spectrum of i-C16 3-OH FA. 

Figure S25. Mass spectrum of a-C16 3-OH FA. 

Figure S26. Mass spectrum of n-C16 3-OH FA. 

Figure S27. Mass spectrum of i-C17 3-OH FA. 
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Figure S28. Mass spectrum of a-C17 3-OH FA. 

Figure S29. Mass spectrum of n-C17 3-OH FA. 

Figure S30. Mass spectrum of a-C18 3-OH FA. 

Figure S31. Mass spectrum of n-C18 3-OH FA. 


